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Summary
Flat panel displays b ased  on electron field em ission can provide the benefits of the high 
resolution of a cathode ray tube display while possessing  the portability of a  liquid 
crystal display. To date, the  problem with a  field em ission flat panel display based  on 
silicon is that it usually involves complex photolithography processing, making it too 
complex and expensive to be commercially viable. In this thesis, the  em phasis of the 
research  is to fabricate a th ree terminal silicon device for flat panel display b ased  on 
field em ission technology without using photolithography p ro cesses. L aser crystallised 
am orphous silicon is chosen  for our m aterial which c rea tes  a rough silicon surface 
w hose roughness gives rise to field enhancem ent. Furtherm ore, this p rocess is widely 
used  in the display industry to fabricate silicon b ased  display driver thin film transistors, 
which can be readily incorporated. It is important to understand  the  electron field 
em ission m echanism  from the laser crystallised am orphous silicon and to find optimum 
conditions for em ission.
In the course of our research , we established a regim e for su p e r sequential lateral 
growth or a hybrid sequential lateral solidification and super lateral growth in Nd:YAG 
crystallisation of am orphous silicon. Excimer laser crystallised am orphous silicon under 
optimum conditions gives em ission currents of the  order of 10'®A (current densities «
0.04 A/cm^) a t threshold fields less  than  15 V/pm in a  diode configuration, without the  
need  for a  forming process. Through experim ents, we concluded that the  field em ission 
m echanism  from th ese  sam ples is not controlled purely by surface phenom ena, contrary 
to what w as suggested  by the Fowler Nordheim theory. Instead, it is the  diffusion of the 
underlay m etals into the silicon that c rea te  clusters of silicide that allow the electrons to 
becom e "hot" while travelling betw een the clusters. Lastly, a  novel p rocess illustrating 
that a  three-term inal device b ased  on laser crystallised am orphous silicon can be 
fabricated without the need for photolithography. However, the  field em ission data  
show ed that som e fine-tuning of the p rocess is still required.
Key words: Electron Field Emission, Laser Crystallisation and A m orphous Silicon.
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Chapter 1 
Introduction
Today’s  technology is critically d ependen t on comm unication devices. T hese  
devices require a  display technology that delivers high contrast and brightness, and 
can  be viewed under bright daylight conditions a s  well a s  requiring low power 
consum ption. However, the  p resen t favoured technology, active matrix liquid crystal 
displays (AMLCD), falls short of th ese  dem anding specifications, and this has  an 
impact on the advancem ent of new technologies such  a s  third generation mobile 
phones. There are  now a num ber of alternative technologies that a re  being 
developed to fulfil all the display requirem ents.
Of the m any different technologies for flat panel displays, field em ission is viewed a s  
a  prospective candidate. A novel field em ission display technology is proposed and 
forms the  subject of this thesis. The current preference for field em ission displays is 
tip-like ca thodes fabricated from m olybdenum, silicon or carbon nanotubes. 
However, the  fabrication of tip-like ca thodes such a s  metal and silicon Spindt-tips for 
field em ission displays u se s  several photolithography s tep s  in fabrication which 
m akes this technology expensive a s  well a s  giving rise to difficulties in large area  
photolithography, hence leading to low yield. Carbon nanotube technology do es  not 
require photolithography to produce tip-like structure but the need  for fabricating an 
extra ga te  for a 3 terminal device com plicates the device fabrication process. 
Furthermore, carbon nano tubes are  easily dam aged  and therefore are  difficult to 
handle in the fabrication process. Lifetime issues  also lead to a  num ber of 
complications in producing a commercially viable product.
The primary aim of this project is to find a  suitable fabrication procedure to crea te  a 
suitable cathode for field em ission pu rposes based  on thin film silicon and preferably 
am orphous silicon w here a proven large a rea  capability exists. A m orphous silicon 
h as  long established itself in the  display m arket in thin film transistor applications
Introduction
(TFT) and is a  proven material that can be deposited  over a  large area. If a  suitable 
fabrication p rocess for a  3 terminal device for field em ission can  be developed, it 
could easily be incorporated into existing display infrastructure. This research  is 
driven by the motivation to find a novel p rocess to fabricate a  3 terminal device based  
on am orphous silicon that exhibits em ission at a  relatively low threshold compatible 
with presen t display driver circuitry, and preferably without any photolithography 
steps. A com prehensive understanding of the field em ission m echanism  is 
attem pted via empirical study of a  large num ber of different conditions. Field 
em ission from cathodes based  on laser processing of thin film silicon is studied in 
this thesis for the first time.
1.1 Objectives of this study
The objectives of this study are:
1. To develop/establish a model for the  field em ission m echanism  from laser 
p rocessed  silicon.
2. To develop a novel p rocess m ethod to crea te  3 terminal devices from 
am orphous silicon without the  need  of photolithography.
3. To give a fresh im petus to the field em ission resea rch  community by 
introducing the  adoption of am orphous silicon technology in em issive flat 
panel displays.
1.2 Market share
Most electronics equipm ent n eed s  a display a s  a  u ser interface. With the explosion 
of the  num ber of new  electronic devices in the  market, dem and for flat panel displays 
throughout the world is growing and will grow exponentially for the  fo reseeab le  
future. According to a  U.S. display m arket research  firm, DisplaySearch, the  world 
sa le s  revenue in the year 2005 for all large-screen displays including CRTs is well 
over $30bn. Com puter displays, primarily for portable personal com puters, are  the 
largest single comm ercial market. Indeed, today 's laptop com puters are  primarily 
enabled  by the flat panel displays. In addition to the com puter market, there  is a 
broad range of other commercial applications including vehicle displays (aviation
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cockpits, autom obile dashboards and navigation displays), personal digital 
assis tan ts , video telephones, medical system s, and high definition, full motion video 
(including HDTV). Apart from commercial equipm ent, flat panel displays are  
becom ing increasingly important for m eeting military requirem ents. As "Desert Storm ” 
dem onstrated  in a  dram atic and compelling fashion, arm ed serv ices are  rapidly 
moving into an era  in which information is the  primary currency used  to secu re  both 
tactical and strategic military advantage, sav e  lives, and reduce  material losses. A 
virtual torrent of digital da ta  will have to be fused together and p resen ted  to a 
com batant in w ays that permit fast and effective real-time resp o n se s  on the front line. 
This is a  vast m arket that one  should not underestim ate.
1.3 Organisation of thesis
The Introduction in C hapter 1 gives a  sum m ary of the  m otives and  objectives of this 
study with a brief look at the  flat panel market. C hapter 2 m akes a com parison of 
display technologies. In this chapter, a  survey is carried out on various display types 
such  a s  cathode ray tube displays, liquid crystal displays, p lasm a display panels, 
polymer light emitting diode displays, field em ission displays and printable field 
em itter displays. It gives an overall view of various displays available and their 
streng ths and w e a k n esses  in order to predict if field em ission displays m ay still be a 
preferred choice for future displays. C hapter 3 on the literature review is divided into 
four sections. The first section contains a review of the  crystallisation of 
hydrogenated am orphous silicon (a-Si:H) that involves solid p h ase  crystallisation and 
laser crystallisation of am orphous silicon. In the  solid p h ase  crystallisation segm ent, 
a brief overview of both conventional therm al and rapid therm al annealing are  
d iscussed . This is followed by an in-depth survey of laser crystallisation. A sum m ary 
of crystallisation a s  u sed  by the p resen t display industry is then  followed by an 
exam ination of the m echanism  of laser crystallisation. Discussion of the  best p rocess 
to be used  in laser crystallisation of am orphous silicon is also presented . The 
roughening m echanism  of the surface due to the  laser crystallisation and work done 
on laser crystallisation in visible w avelengths are  also listed. T he second  section 
gives a  background of different m odels proposed regarding the  observed low 
threshold field em ission m echanism . The third section sum m arises the  tip fabrication 
p rocess for both silicon and m olybdenum. The final section on chap ter 3 exam ines 
the various works that had been  carried out on silicon-based field em ission. C hapter
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4 describes the  experim ental p rocess u sed  during the investigation. C hapter 5 
contains the  experim ental results. This chap ter is divided into th ree  main sections. 
The first is a  collection of the  work that w as carried out using a  Nd:YAG laser for 
laser crystallisation using visible w avelengths. The second  is on sam ple  processing 
with an excim er laser at UV w avelengths. The last section contains a  non­
lithography m ethod suitable for fabrication of arrays of 3 terminal devices. Each of 
the sections is self-contained with the experim ental results and analysis. C hapter 6 
will give a  detailed discussion and a proposed model. C hap ter 7, the  conclusions, 
sum m arises the main findings of this study and proposes possible avenues for future 
research .
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Chapter 2 
A Comparison of Display 
Technologies
Almost all electronics equipm ent requires a display at the  u ser interface. To date, 
only flat panel displays (FPDs) are  suitable for mobile device applications. It is fast 
becoming the preferred choice in this technology ag e  b e c au se  it u se s  much less 
desk  sp a ce  and power a s  com pared to cathode ray tube (CRT) monitors. Over the  
past decade , FPD s have increased  dramatically in perform ance and  capability, so  
that the m ost advanced  FPD s are  now capable  of displaying full colour and high 
definition im ages at full video rates. A num ber of different technologies are  used  for 
making FPD s such  a s  liquid crystal displays (LCD), plasm a displays (PD) etc. T hese  
advanced  technical devices have different characteristics, with differing strengths and 
w eak n esses . Each of th ese  technologies, w hether it is in production or in research  is 
described in the  following sections. With an understanding of th e se  various display 
types, it can  be understood why field em ission displays (FED) m ay still be one of the 
best cand idates for future FPD s in producing a  high resolution and bright display, at 
an affordable price
2.1 Cathode Ray Tube (CRT)
The ca thode ray tube display is the  m ost commonly se e n  display. It is the  
benchm ark against which all o ther display technologies are  com pared with respect to 
picture quality. It is a  m ature technology and is widely used  for com puter monitors 
and television. It is by far the ch eap est display in term  of dollar per display a rea . It 
h a s  dom inated the  large display m arket but is losing ground to FPD such a s  active 
matrix liquid crystal displays (AMLCD). Although it Is not a  FPD, it is considered a s  
the  benchm ark in displays in term  of colour, brightness and display speed . P resen t 
FPD s are  still trailing behind this aged  technology in term s of viewing quality and 
price. The basic concept h as  rem ained the sam e  for a CRT since its invention.
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A simple diagram  of the CRT is shown in Figure 2-1. Electrons leave the heated  
cathode by therm onics em ission. They a re  accelerated  through a fixed voltage and 
em erge  a s  a  narrow beam  focused through a hole in the accelerating plate. W hen 
the  electron beam  strikes the  phosphor-coated screen  on the  face  of the tube, it 
produces a  small luminous spot. A potential difference applied acro ss parallel 
deflecting plates, through which the  beam s p a s se s  on its way to the  screen , controls 
direction of the beam s. There are  two pairs of deflecting coils, one for vertical and the 
o ther for horizontal deflection. The net displacem ent of the  spot on the  screen  is 
proportional to the applied potential differences, a s  the potential ac ro ss  the  deflecting 
coils is directly proportional with:
1. The electric field intensity betw een the coils c rea tes  m agnetic fields inside the 
tube, and the electron beam  responds to the  fields.
2. The transverse  forces on the electrons.
3. The resultant transverse  acceleration of the  electrons, and  thus,
4. The net transverse  d isplacem ent and tangent of the  angle at which the beam  
leaves the region betw een the plates.
C athode Grid
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Deflection 
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M etal back 
"S hadow  mask
Electron 
beam
Figure 2-1 A basic structure of a cathode ray tube.
The CRT u se s  the  electron gun to emit ‘hot’ electrons driven by a high voltage to 
excite the  phosphor screen . It is an em issive display providing excellent resolution 
and brightness. Its draw back is the  requirem ent for a  reasonab le  depth to sw eep  the
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electron beam  acro ss  the  entire sc reen  in a  raster m anner. This m eans that the  CRT 
is bulky, heavy, power hunger and therefore not portable. The flickering in CRT 
displays occurs due  to the  short em ission lifetime of the  phosphor [2]. The high- 
resolution requirem ent and limitation in response  sp eed  in video electronics m ake it 
difficult to increase  the fram e frequency of non-interlaced signals. To reduce flicker, 
a  30 Hz fram e frequency is interlaced at 60 Hz. However, state-of-the-art video 
electronics can handle SXGA (1280x1024) a t 75 Hz or m ore to minimise the  flicker 
problem [4].
Although several of the draw backs above have been  rem oved by new  technologies, 
CRTs will eventually face  problem s with high-resolution displays requiring finer pixel 
pitch. The requirem ent of a  thin, lightweight and low pow er consum ption device for 
mobile equipm ent has  resulted in the  dom inant u se  of active matrix liquid crystal 
display in the  mobile equipm ent market.
2.2 Liquid Crystal Display (LCD)
Liquid crystal display (LCD) is the leader in FPD’s  m arket today [5]. It h as  been 
widely used  since the early 1970’s  and there  is still a  lot of resea rch  activity. It is 
slowly repositioning itself a s  the  leader in the  information display m arket in products 
such a s  desktop monitors.
LCD contains transparen t organic polymers that orient to an  applied electric field. 
The basic operation is having liquid crystal with its optically active nature to polarise 
light passing through, allowing it to act a s  a  light valve. T he basic  operation is to 
have the poiarisers on the front and back of the  display oriented 90° from one 
another. With this orientation, no light can  p a ss  through, un less the  polarisation of the 
light is altered. Liquid crystals are  a  m eans of changing the  polarisation. W hen no 
voltage is applied, liquid crystals can be aligned in twisted (90°) or supertw isted 
(270°) configurations. With th e se  configurations, the polarity of light is rotated 
allowing the light to p a ss  through the  front polariser, thus illuminating the viewing 
surface. W hen a voltage is applied, the  liquid crystals align to the  electric field and
A Comparison of Display Technologies
due to the cross poiarisers betw een the front and back planes, no light is transm itted 
through. This is illustrated in Figure 2-2b.
LCD is a  non-em issive display and therefore it m ust have a light source. In the  LCD 
display, this is usually a metal halide, cold cathode, fluorescent, or halogen bulb 
placed behind the back plate. Since the light m ust p a ss  through poiarisers, glass, 
liquid crystals, filters, and electrodes, a substantial am ount of light will be lost. 
Therefore, a light source of sufficient w attage m ust be used  to allow for the  desired 
brightness of the display, with about 90% of power consum ption of a LCD display 
going to this back lighting, which rem ains on even if a  blank screen  n eed s  to be 
displayed. To form the display, m anufacturers deposit a polarising film on the outer 
su rfaces of two ultra-flat g lass or quartz substra tes. A matrix of transparen t indium 
tin oxide (ITO) electrodes are  deposited on the inner su rfaces of th ese  substra tes. 
With micron-sized sp ace rs  holding the two substra tes  apart, the sandwich is joined 
together. The substra tes  are  cut into one or m ore displays, depending on the original 
size of the substra tes  (from 12" to 22" square): the outer ed g e s  of each  display are  
sealed  with a gasket; the interior air is evacuated ; and the void is injected with liquid 
crystals. Figure 2-2a show s a detailed diagram  of a typical LCD.
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Figure 2-2 A basic cross section diagram of a typical (a) LCD display and (b) showing 
the operation of a LCD display (i) shows the twisted LC to provide the polarization 
effect to allow the light to pass through the poiarisers to iiiuminate the pixel and (ii) 
shows the aligned LC that does not polarise the light, and thus blocks the light to
display a dark pixel.
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Som e LCD system s perform better than  others. This is b e c au se  the  g rea ter the  twist 
ang les the  higher the  contrast ratio and faster response  [2]. This is b ecau se  the 
extra rotation gives the crystal a  much s teep e r voltage-brightness response  curve 
and also w idens the angle at which the display can be viewed before losing much 
contrast. With the  sha rper response , it is possible to achieve higher contrast with the 
sa m e  voltage selection ratio. Therefore, the  deg ree  to which multiplexing is possible 
is greatly increased.
For colour displays, each  visible pixel m ust consist of th ree  adjoining cells, one with a 
red filter, one with a  blue filter, and one with a  green  filter, to  achieve the  red-green- 
blue (RGB) colour standard . While colour d e c re a se s  the  resolution of the  display, 
colour ad d s information to the  display, particularly for desk top  publishing and 
scientific applications.
AM LCDs use  thin film transistors (TFT) at each  pixel to control the  pixel’s  on-off 
state . TFTs are  fabricated in a  m anner similar to integrated circuits. To fabricate an 
AMLOD, the front transparen t electrode is simply deposited  over the entire g lass 
surface and serves  a s  a  ground electrode. The rear g lass is deposited  with a  matrix 
of transistors with metal interconnect lines with one TFT per pixel for m onochrom e 
display and three per pixel for RGB colour display. The TFTs are  in the  way of light 
transm ission w hen the  pixel is in the  on s ta te . Therefore, a  TFT is preferred to be a s  
small a s  possible. However, the sm aller the TFT, the  lower the yield will be and 
therefore the  higher the cost. Most AMLCDs use  a-Si TFT but due to its am orphous 
nature, high-speed perform ance is limited. R esearch  and developm ent is 
concentrating on poly-Si TFTs to give a  higher sp eed  display capability.
Although poly-Si TFTs could solve the sluggish display sp e ed  problem from the a- 
81:H TFTs. The non-em issive characteristics have se en  a large am ount of light being 
lost during its delivery from the backlighting to the user. For exam ple, polariser 
effectively rem oves 50% of light even  before entering into the  liquid crystal or colours 
filter s tages . The light energy is effectively reduced a s  it p a s se s  through each  stage. 
A nother problem is that the backlighting is always on regard less of the  fact that
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during a display, not all of its pixels a re  in the  on state. This ad d s  to the  w astage  of 
light energy. A com prom ise betw een transm ission ratio and power consum ption to 
give a reasonab le  am ount of brightness to the  display in backlighting h as  to be m ade. 
There is also an effort to reduce the  num ber of backlighting bulbs to cut down the 
power consum ption and at the sam e  time to achieve an even  distribution of light 
ac ro ss  the  whole display. This is b e cau se  the num ber of backlighting bulbs is 
directly proportional to the power consum ption.
2.3 Plasma Display Panel (POP)
Plasm a displays are  relatively new to the display market. A num ber of the large 
display com panies such  a s  Hitachi [6] and Sam sung [7] m anufacture PDF for 
television applications but the  price is far more expensive than CRTs. P lasm a 
technology s e e s  a  potential for a  larger size display m arket, particularly in 
applications requiring large-area, high-resolution displays such  a s  High Definition 
Television (HDTV). Much of the  dem and today for plasm a displays is in the business 
and industrial equipm ent, and military m arkets. It is still too expensive for the  
consum er market.
PDF is an em issive display and work on the  simple concept of glow discharge [9,10]. 
It consists of front and back substra tes  with phosphors deposited  on the inside of the 
front g lass  plates. A voltage is applied betw een two transparen t display electrodes 
on the front g lass  plate of the  display a s  shown in Figure 2-3a. The electrodes are 
sep ara ted  by a  MgO dielectric layer which forms the insulating ribs. A mixture of 
inert g a se s  like neon and xenon surrounds it. W hen the voltage reach es  the "firing 
level", a  plasm a or glow discharge occurs on the surface of the  dielectric resulting in 
the em ission of ultra violet (UV) light. This excites the phosphor material at the back 
of the  cell and it em its visible light. Each pixel or cell h a s  3 sub-pixels, red, blue and 
g reen  phosphor a s  shown in Figure 2-3b. The cell operation is similar to a  plasm a or 
fluorescent lamp: the  discharging of an inert g a s  betw een the g lass  p lates of each  
cell g en era tes  light. Depending upon the type of phosphor used , various colours can 
be genera ted . In a  m onochrom e display, the  light from the g a s  d ischarge is that 
which is se en  on the display. However, to obtain a  multicolour display, phosphors 
a re  required.
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Despite an inherently lower manufacturing cost, PDP has  relatively high power 
consum ption, high operating voltage, and low colour brightness in com parison to 
LCDs.
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Figure 2-3 A basic cross sectional diagram of (a) a typical PDP and (b) shows a single 
cell, whereby a discharge of UV light excites the phosphor in the cell.
2.4 Polymer Light Emitting Diode Display (PLED)
Polymer light emitting diode displays are  very much still in the  research  phase. There 
a re  som e small niche products in use  at present. A general diagram  is shown in 
Figure 2-4.
It is an em issive display technology. It u se s  conjugated polym ers that have flexible 
physical and m echanical properties with sem iconductor characteristic [12]. The band 
gap  is chosen  to produce visible w avelengths. It could be cheaply produced and 
could be deposited  on flexible substra tes. The flexible nature m akes it a rugged 
display. Its problem is due to a significant degradation in perform ance over the 
expected  lifetime of commercial displays, especially in the blue. The low quantum  
efficiency m ade it a power inefficient device. However, PLED with heterostructures 
could solve the problem. A single heterojunction or a single heterostructure (in the 
middle portion of the  Figure 2-4b) provided better confinement. It is a single 
heterojunction b ecau se  there is one change in composition of the  material a s  one 
g o es  through the junction. This structure provides a  large change in index of
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refraction and reduces the light that leaks into the p+ region b e cau se  of waveguiding 
effects. This leads to lower losses, lower current requirem ents, reduced dam age, 
and longer lifetime for the diodes. A double heterojunction or double heterostructure 
(in the  middle of the Figure 2-4b) so  called b ecau se  there are  two changes in the 
composition of the material a s  one go es  through the junction. This configuration 
confines the light from both sides by waveguiding effects and reduces the current 
requirem ents even further.
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Figure 2-4 (a) A basic diagram of a PLED (b) Structure and index of refraction for 
various types of junction in the aluminium gallium arsenide system. Top: omojunction. 
Middle: Single heterojunction. Bottom: Double heterojunction.
2.5 Field Emission Display (FED)
Field em ission displays operate  similarly to cathode ray tubes (CRTs). It is currently 
being developed for u se  in FPD [9], with firms like Pixtech [13] and Sam sung [7] 
having already dem onstrated  display prototypes. However, they u se  different types 
of material for their cold cathodes, with Pixtech preferring Spindt-tips based  on 
Molybdenum w here a s  Sam sung u se s  carbon nanotubes. T here are  about a dozen 
com panies like Motorola, Toshiba and Hitachi working on m ethods to obtain:
1. Better microtip fabrication uniformity to increase the am ount of redundancy of 
microtips to improve the robustness with possible em ission site failure.
2. More cost effective standoff approaches to reduce the m anufacture cost.
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3. Lower anode voltages to Improve the power efficiency.
4. Better vacuum  sealing techniques to reduce possible ‘poisoning’ of the 
microtips, and
5. More efficient low-voltage phosphors for FEDs.
T hese  cold ca thodes a re  b ased  on cold em ission of electrons from a  matrix array of 
metal or sem iconductor microtips a s  shown in Figure 2-5a. Microtips are  small, 
sharp  cones that serve a s  cathodes. The sh a rp n ess  of the  tips gives a  geom etrical 
field enhancem en t to allow a lower field to extract electrons from the  ca thodes. An 
anode  voltage of a  few hundred volts c a u se s  a  field em ission of electrons to be 
m oderately accelerated  from the  cathode through a grid structure tow ards the  anode. 
T h ese  electrons activate the  phosphors at the anode and produce light, the  sam e 
principle a s  in a  CRT. H undreds or thousands of small microtips are  used  for one 
pixel, giving the  FED extraordinary redundancy and reliability. The reliance on tips 
sh a rp n ess  to achieve a high geom etrical p factor for field enhancem en t is limited by 
the high cost of lithography and tips degradation. The degradation usually refers to 
poisoning of tips (adsorption of residual gas, increasing the workfunction of the  
m aterials) and the  tips becoming blunt from prolonged u se  [13]. Although carbon 
nanotube do not rely on lithography to produce sharp  features, the  alignm ent of the 
nano tubes and compatibility with p resen t display industry is a  problem.
Flat film cathode with m aterials such  a s  diam ond, am orphous carbon and am orphous 
silicon a s  the  em itters is investigated to solve the above-m entioned problem s in 
microtips. Figure 2-5b show s a  typical flat cathode structure. It d o es  not depend on 
field enhancem en t from geom etrical p factors to field emit. However the  em ission 
m echanism  on th ese  flat films is also  not fully understood and  the  em ission uniformity 
is usually not good.
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Figure 2-5 A diagram with (a) tip cathodes to field emit in a RBG cell, and, (b) with flat
cathodes to field emit in a RBG cell.
2.6 Printable Field Emitter Display (FED)
This technology consists of a  series  of coating comprising self-assem bling 
nanophase  inks. Screen-printing is applied to crea te  millions of electron-emitting 
sites over the entire surface of a g lass substrate . The p rocess involves patterning 
em itters inside wells, with low voltage extraction electrodes, which are  grouped into 
sub-pixels. The printable field emitter is based  on a special property of particles 
em bedded  in insulating layers. The electric field energized electrons are  injected by 
quantum  tunnelling into the insulator, w hereby the particle and the insulated 
surrounding work together to enhance  the electric field. This allows electrons to 
e sc a p e  into the vacuum  to strike onto a phosphor screen.
This p rocess enab les m any photolithographic p ro cesses  to be replaced by printing, 
which reduce the m anufacture cost significantly to be an attractive commercial field 
em ission candidate.
2.7 Summary
The following displays had been  surveyed in this chapter;
1. C athode Ray Tube (CRT).
2. Liquid Crystal Display (LCD).
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3. P lasm a Display Panel (PDP).
4. Polymer Light Emitting Diode Display (PLED).
5. Field Emission Display (FED).
6. Printable Field Emitter Display (PED).
The CRT display is not a  FPD, and therefore do es  not provide a portable display 
solution. LCD on the other hand, a  m ature FPD technology a s  com pared to the rest 
has a  head  start, giving it the ability to reduce m anufacture cost over the years along 
with a huge display industrial experience. However, being a  non-em issive display, it 
is unlikely to be able to provide the  necessa ry  contrast and brightness desired  by the 
display m arket of the  future, making it open for competition in the  niche product 
initially. In order to solve the  problem s with LCD’s  non-em issive technology, 
em issive displays a re  pursued. PDP is not very power efficient and  the large pixel 
size prevents it from encroaching on small displays like the  hand-held display. 
However, it is predicted to shine in large display like the  billboard display. PLED 
could provide brilliant colour FPD, but suffer lifetime and reliability problem s required 
by industrials. FED is like a  flat-CRT and is viewed a s  the  future FPD. However, to 
be able to m ove from the  laboratory to consum ers, it h a s  to solve a num ber of 
problem s. The high manufacturing cost due to its complexity involving several 
photolithography s tep s  needs to be addressed . The tip structures are  needed  in 
conventional FED’s  to give high geom etrical p enhancem ent to operate  a t low 
electric. Prototype displays from Pixtech and Sam sung have FPD displays with 
suitable lifetimes and reliability accep tab le  by the display m arket with brilliant 
resolution, colour and brightness that are  capable  to be viewed under sunlight.
In this thesis, it is revealed that laser crystallised am orphous silicon not only 
produced high internal p, but also produced tip-like structures thereby giving a 
relatively good geom etrical p factor. T h ese  findings could be  a solution in reducing 
the  cost of manufacturing silicon b ased  FED b ecau se  laser crystallisation technology 
is m ature, cost effective and easily scalable to large areas.
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Chapter 3 
Literature Review
In this chapter, a  review of laser crystallisation, field em ission and its em ission 
m echanism  w ere d iscussed . In the first part, a review of crystallisation of a-Si:H 
based  on furnace therm al annealing (FTA), rapid therm al annealing (RTA) and laser 
crystallisation w ere undertaken. This review would focus on each  of them  in term s of 
nucléation, therm odynam ics and growth m echanism  a s  found in the  literature. The 
second  part would focus on the various field em ission m odels d iscussed  currently. 
The third part would give an introduction on the fabrication p rocess of silicon and 
m olybdenum Spindt tips. The fourth section would review research  reported to da te  
on field em ission from silicon.
3.1 Crystallisation
A m orphous silicon (a-Si:H) plays a  major role in various electronic devices like thin 
film transistor (TFT) [14,15] This is b ecau se  it can be deposited  cheaply and 
uniformly at low tem perature  [16]. However, its limitation is the  low electron mobility 
arising from microstructural defects, trapping s ta te s  and strained bonds which m ake 
it unsuitable to m eet the  dem ands of a high-speed display [17]. TFT based  on 
crystalline silicon provides much better perform ance but they a re  very expensive. 
Polycrystalline silicon (poly-Si) provides a  silicon-based sem iconductor that has  
properties betw een the two extrem es and can be used  in high-speed display 
applications a s  well a s  be deposited  cheaply over a  large a rea . However, poly-Si 
deposited  directly with chem ical vapour deposition (CVD) [18], sputtering [19] and 
plasm a enhance  chemical vapour deposition (PECVD) [20] p ro cesses  usually are  of 
inferior quality and high tem perature post-deposition annealing is required. Poly-Si 
can  also  be obtained through crystallisation using am orphous silicon a s  a  precursor 
with post deposition techniques such  a s  excim er laser crystallisation, therm al 
annealing and rapid therm al annealing.
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For a-Si:H to remain a s  the  preferred material choice in large a rea  electronics, it 
n eed s  to be able to be crystallised to achieve the higher mobility required in m odern 
large a re a  devices. In this section, the  em phasis is on excim er laser crystallisation, 
on which our experim ents a re  based . Thermal and rapid therm al annealing would be 
briefly sum m arised to give an overall view of silicon crystallisation.
3.1.1 Solid Phase Crystallisation
In solid phase  crystallisation (SPC), am orphous silicon rem ains in a  soiid phase  
throughout the crystallisation process. There are  namely two types of solid phase  
crystallisation, furnace therm al annealing (FTA) and rapid therm al annealing (RTA). 
In FTA, the  annealing p rocess requires the sam ple to stay  in the  furnace for several 
hours at a tem perature above 600°C. This p rocess is very expensive in term s of 
power and time, low cost substra te  such a s  g lass is not suitable due  to its melting 
tem perature being lower than 600®C. Much of the interest today lies in the  p resence  
of metal impurities in the silicon that strongly modifies the crystal grain nucléation and 
growth kinetics, allowing a considerably lower crystallisation tem peratu re  and shorter 
time [8,9], R andom ness of grain boundary structure in the  crystallised material could 
be minimised by selective nucleation-based epitaxy (SENTAXY) [23-26]. It is a 
p rocess w here precise control of the  crystal grain nucléation and  growth kinetics is 
required to get the  necessa ry  high quality material. Silicon can  also be implanted 
into a-Si:H to crea te  a  m ore defective structure prior to the therm al annealing 
p rocess, but this allows selective nucléation of individual crystallites a t artificially 
predeterm ined sites. The m anipulating of such nucléation sites allows the grain 
boundaries to be predeterm ined, thus improving the electrical characteristics of the  
poly-Si layer. However, this p rocess is too complex and expensive to  be used  in 
large a re a  electronics like display applications. The whole p rocess is very m uch 
tem perature dependen t and its nucléation kinetics is strongly dependen t on the 
impurity contents [27-29].
Rapid therm al annealing (RTA) is ano ther solid phase  p rocess, which has  created  
m uch interest. This p rocess u se s  optical lam ps such a s  tungsten-halogen  lam ps to 
quickly ram p up the  tem perature. The sam ple only rem ains at a  high tem perature for 
a  short duration. Therefore, low cost substra tes  can be used. The short duration in
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high tem perature  prevents sufficient therm al energy to be acquired by the  substra te  
to c a u se  deform ation or melting. Like FTA the  crystallisation time, growth time and 
transient time are  tem perature  activated. However, it is found that the  transient time, 
growth annealing tem perature  and crystallisation time are  lower in RTA than  furnace 
annealing. The activation energ ies a re  also m uch lower in RTA. However, on the 
negative side, the  grain size is sm aller w hen com pared with furnace therm al 
annealing [30]. The two m odels proposed to explain this are:
1. Energetic photons c rea te  photocarriers that recom bine with the breaking of 
w eak and strained bonds. T hese  sites then serve a s  recom bination cen ters 
for further photocarriers, producing localised heating. This c rea te s  favourable 
sites for nucléation, which result in higher nucléation ra tes  and hence  lower 
crystallisation time [30].
2. Rapid heating in a-Si:H c rea te s  a  sudden  re lease  of stored energy in the form 
of heat. This ex c ess  heat results in a  higher “effective” tem perature  to drive 
the nucléation and grain growth [30-32]. This is different to furnace therm al 
annealing, a s  its energy is re leased  at a  much slower rate.
A metal contact like Ti, Pd and Ni could also  play an important role a s  a  seeding 
layer in RTA to provide a m ore effective crystallisation process.
RTA is an  improved p rocess derived from furnace therm al annealing, with a  much 
shorter p rocess time and allows for cheap  substra tes  to be used  [33]. However, 
laser crystallisation can crea te  a  m uch larger grain size in the  crystallised film.
3.1.2 Laser Crystallisation
A m orphous silicon crystallised by lasers  has  been  around since the m id-1980s w here 
Usui’s  group at Sony R esearch  C enter pioneered this technique [34]. Excimer laser 
crystallisation at ultra-violet (UV) w avelengths has  advanced  much further than lasers 
using other w avelengths. The driving force for u se  of excim er lase rs  a s  the  preferred 
choice is due to its large uniform beam  size and high transfer of photon energy. It is 
also b ecau se  the  absorption is only at the  surface (few nanom eters) of the  a-Si:H,
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thus it h as  minimum effect on the substra te . The basic research  aim in laser 
crystallisation Is to find a g lass  substra te  compatible m eans of preparing crystalline Si 
films [35-39]. It capitalises on the power and versatility of the  laser to provide the 
photon energy to implant a high-energy pulse over a  very short pulse duration at a 
w avelength that is highly coupled to the material. The surface of the  material is first 
induced with the laser beam  and then confined a t a  high tem peratu re  by latent heat 
at the  near surface region. W ood and G eist developed a com putation model based  
on finite-difference formulation to predicate the solidification m aterial from the laser 
pulse irradiated p rocess [41]. The p rocess allows for the  a-Si:H to reach its melting 
tem perature  without melting the  substra te  such  a s  g lass  and plastics [59]. This is 
due to the  rapid melt m ediated crystallisation, which tak es  advan tage  of the spatial 
and tem poral localisation of the heating. The tem perature  raised by the photon 
energy is only to a  depth of a  few nanom eters beneath  the  surface. The high 
interfacial velocities attainable with melting and solidification allow the  whole p rocess 
to proceed immediately after the time duration of the laser pulse [41]. The substra te  
cannot gain enough therm al energy to c a u se  dam age due  to its large bulk m ass. 
This is the  reason  for pulse lasers to be used  rather than continuous wave (CW) 
lasers. Furthermore, silicon dioxide (Si02, higher melting point) is usually used  a s  
the  buffer layer betw een a-Si:H and its substra te  [41] to stop  any contam ination from 
the substra te  diffused into the crystallised silicon. In m any c a se s , the  film-substrate 
interface is am orphous and therefore epitaxial regrowth from the  surface of the 
substra te  is not possible, hence  resulting in crystallites with random  orientation being 
formed.
3.1.2.1 Industry Standard
M ainstream  approaches In laser crystallisation are  namely single [53] and multiple 
pulses [51,58]. In excim er laser crystallisation, multiple pu lses irradiations use a 
scanning m ethod w hereby hom ogenisation of the  incident beam  using a multi-mirror 
type hom ogeniser is utilised. The irradiation of the  sam ples is usually carried out at 
high pulse frequencies (up to 100 Hz), with shaping of the  beam  into high aspec t 
ratio rectangles (up to 1:20), and scanning of the  beam  at high beam -translation 
ra tes  (up to 1 cm /sec).
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Xerox PARC group h a s  done extensive studies on the  d ep en d en ce  of TFT 
characteristics on p rocess conditions [51]. They show  that high perform ance devices 
can be fabricated using this material, however, only in a  narrow SLG processing 
window. The degradation level in the  material and device uniformity varies 
sensitively within this narrow window [41,43,51]. W hen irradiation is performed at 
low energy density, they s e e  sm all-grained material produced which is relatively 
insensitive to the  spatial and pulse-to-pulse energy density variation.
The availability of very a  high power excim er laser (up to 50 J/pulses) in the 
comm ercial m arket allows for the  prospect of crystallisation carried out in a  single 
pulse [57]. The proposed p rocess is to irradiate the am orphous silicon sam ples 
sequentially by laser. This is a  sim pler p rocess than the scanning m ethod b ecau se  it 
is m ore controllable a s  it is less sensitive to elem ents such a s  m echanical vibrations 
during the process, hence  resulting in few er end  product variations. As such, one 
could expect a  higher throughput rate. However, it should be carried out in the  low 
density regim e w here it is insensitive to pulse-to-pulse energy density variation.
Both m ethods using rudim entary irradiation techniques are  capab le  of producing 
small-grain material with accep tab le  levels of micro structural uniformity. However, 
TFT perform ance fabricated with this small-grain material is rather poor [41]. The 
main obstruction in excim er laser crystallisation is a narrow processing window 
w here material and device uniformity is crucially dependen t on the  stability in pulse- 
to-pulse energy density of the  incident beam . Even in the  large-grain material 
p rocess in super lateral growth (SLG), uniformity in electrical properties in devices 
could be ham pered by random  m icrostructure grain boundaries located in an 
unpredictable m anner.
3.1.2.2 Basic Transformation Scenarios
In laser crystallisation, there are  3 regim es that a re  significant [43]. Namely;
• Low energy density regim e (LD).
• Mid energy density regim e (MD) also  called super lateral growth (SLG).
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•  High energy density regim e (HD).
It had been  dem onstrated  that the grain size would first increase with energy density 
in the LD regime. Further increase in energy density would se e  grain sizes reaching 
several tim es larger than the film thickness in the SLG regime. With further increase 
in energy density, a d e c re a se  in grain size in the HD regim e is observed.
a. Low Energy Density b. Medium Energy Density c. High Energy Density
Figure 3-1 shows the 3 regimes in laser crystallisation, (a) Low energy density regime 
(LD), (b) Mid energy density regime (MD) also called super lateral growth (SLG), and (c)
High energy density regime (HD).
The LD regim e occurs when the incident energy density of the  laser pulse is 
sufficient to induce melting at the front surface of a-Si:H films, but is low enough such 
that a continuous layer of solid Si rem ains at partial melting regim e a s  shown in 
Figure 3-1 a. In this regime, it is characterised  by a combination of explosive 
crystallisation and vertical solidification. Explosive crystallisation can  be triggered at 
the  onset, or near the end of melting, depending on the p resen ce  or ab sen ce  of 
m icrocrystals, respectively. In HD regime, the incident energy density is sufficient to 
completely melt the whole thin film a s  shown in Figure 3-1 c. The resulting small 
grains are  due to the high quenching rate causing a high nucléation rate in the deeply 
supercooled liquids. Theoretical da ta  [44-47] supported by experim ental findings 
show ed that the cooling rates are  not low enough to permit large grain formation 
unless one attem pted to control it by increasing the substra te  tem perature, film 
thickness, or pulse duration [47-49]. It should be noted that HD regim e is not desired 
a s  impurities from the substra te  might diffused into the a-Si:H films unless a  buffer 
layer such a s  Si0 2  is used.
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In addition to the aforem entioned two major regim es, a  minor regim e, with important 
implications, w as identified to take place within a narrow experim ental window at the  
transition betw een the two major regim es. This is a  noteworthy region in which either 
single or multiple irradiations of a-Si or poly-Si can lead to the  formation of large 
grained poly-Si. Im and co-worker [47,48,50] have m odelled the  transform ation 
scenario  associa ted  with this regime. A near com plete melting of the  a-Si films w as 
d iscussed  w here it reach es  the maximum point of melting a s  shown in Figure 3-1 b. 
The unm elted portion of the underlying Si no longer forms a continuous layer, but 
instead consists of islands of a-Si:H that a re  sep ara ted  by small local regions which 
have undergone com plete melting. This is referred to a s  the  near-com plete melting 
regime. The unm elted islands actually ac t a s  solidification s e e d s  [47,50]. The 
solidification interface velocity and the  solid nucléation rate  depend  on the interfacial 
and bulk liquid tem peratures, respectively. This e n su res  therm al evolution at the 
interfacial and liquid regions, which leads to non-negligible lateral growth. This is the 
so-called SLG regim e that m ost resea rch ers  [47,48, 51-53] find that the crystal grain 
sizes a re  m any tim es g rea ter than  the thin film thickness. The maximum extent to 
which the lateral growth can proceed is ultimately limited by nucléation. This occurs, 
a s  the  continuous cooling of the liquid layer via conduction to the  substra te  in the 
completely molten region would eventually lower the liquid tem peratu re  to the  point 
w here copious nucléation of solids would take  place. This would be within the liquid 
region ah ead  of the interface, thereby subsequently  halting the SLG. It follows then 
that laterally growing fronts originating from the unm elted solids can  m eet and form 
grain boundaries if the  s e e d s  are  sufficiently closely located to each  other so  that 
nucléation is avoided. Conversely, if the  unm elted regions are  further apart than can 
be covered by SLG, then a  sm all-grained or am orphous region, in the  c a se  of ultra- 
thin films will inevitably ap p ear betw een the laterally solidified regions. According to 
the SLG model, the  following factors a re  identified a s  being responsible for 
determining the  extent of lateral growth:
1. The tem perature gradient within the solid depending on its therm al 
conductivity.
2. The nucléation kinetics of solids in supercooled liquids.
3. The transient lateral therm al profile at and near the solid liquid interfaces.
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The crystal grain growth distance in the SLG regim e will increase  with Increasing 
film thickness, increasing substra te  tem perature, decreasing  effective conductivity 
of the  substra te , and increasing pulse duration [43]. T h ese  factors should predict 
the growth d istance of the crystal grains in the SLG regim e. However, this 
regim e is very sensitive to the energy density used. T he limitation of pulse-to- 
pulse energy density variation in the incident beam  would render this p rocess 
unreliable in m ass  produced consum er products [43].
3.1.2.3 Artificially Controlied-Super-Laterai-Growth (ACSLG)
Artificially Controlled-Super-Lateral-Growth (ACSLG) is a  collective term  used  when 
there  is an outgrowth of solidification behind the SLG is attem pted and achieved. As 
m entioned above, the nature of SLG phenom enon indicates if one could control the 
location of the localised com plete melting region followed by solidification will result in 
large grained microstructure. This implies inducing a  com plete melting of the a-Si:H 
in small and well-defined regions, which would lead to the  formation of a  
m icrostructure that consists of large grains that are  e longated in the  direction of 
lateral solidification. T h ese  regions range from the solid to liquid interface a t the 
boundary betw een com plete and incom plete molten region of the  a-Si:H. T hese  
regions are  w here large grains growth takes  place in the completely molten a reas.
A p rocess referred a s  controlled super lateral grovkrth (C-SLG) u se s  anti-reflective 
coating patterned on the  substra te . The melting and solidification se q u en ce  ag rees  
with the SLG -m odel-based C-SLG scenario  [60,61]. The results showing a 
m icrostructure consists of elongated and laterally colum nar grains that originate from 
the  unm elted portions of the film and m eet a t the  cen ter of the  patterned  a rea  a s  
shown in Figure 3-2a. A se t of sim ulations using a two-dim ensional numerical 
m odels based  with quantitative kinetics analysis [45,62] show s lateral solidification is 
much g reater than vertical regrowth velocities. This is due to the  m ore efficient two- 
dim ensional removal of sm aller total am ount of heat transform ation re leased  per 
solidification distance, which s e e  a  d eep er interfacial undercooling attained during 
lateral solidification. The energy density window is relatively large. This is b ecau se  
the com plete molten region is narrow enough to avoid d eep  supercooling but wide 
enough for the  middle zone stay low for a  long enough time to trigger spon taneous
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nucléation [43]. However the protrusions in C-SLG is also se en  in SLG, this increase 
in film th ickness is explained in term s of lateral-solidification-led m ass  transport and 
accum ulation of material occurring a s  a  result of volume expansion of Si upon the 
liquid-to-solid transform ation [61,63]. This m ethod is limited by nucléation to a few 
micrometers.
Another p rocess referred by Im et. al. [43, 47] a s  Sequential Lateral Solidification 
(SLS) utilises the  shaping of the incident beam  to induce a further lateral growth. 
This could be achieved by having the previously form ed grains to se ed  the 
subsequen t grain growth, thus encou rages epitaxial growth a s  shown in Figure 3-2b. 
It is based  on spatially controlled manipulation of the excim er laser induced lateral 
solidification of a silicon film. This is achieved by a pattern m ask and precise 
coordination betw een the pulse translations of the film with respect to the m ask over 
a  d istance sm aller than the SLG distance. This would result in an ex tended  lateral 
solidification of grain that could be continued over a num ber of iterative steps.
Small grain
Large elongated and 
laterally columnar grain Single or low-defect crystal
Large elongated and
laterally columnar grain — w
Small grain Growth fronts
a. The growth fronts start from b. A chevron-shaped m ask is used  to pattern the
the center outw ards resulting in incident beam . The m icrostructure of a single
large grains. crystal or low defect crystal resulted from this
shaped  beam  is at the  apex  of the chevron shape  
w here the two opposing growth fronts are  collided. 
Figure 3-2 Two diagram describing (a) CSLG and (b) SLS mechanism.
3.1.3 Surface Morphology
Although the m echanism s of crystallisation are  well docum ented, why the surface 
roughening during the laser crystallisation p rocess is poorly understood. They (C-
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SLG and SLS) w ere done on dehydrogenated  a-Si:H and  in vacuum  to reduce the 
surface roughness cau sed  during the  laser crystallisation p rocess. This is a 
d isadvan tage a s  the device would be difficult to be fabricated on this rough surface 
and the  hillock se en  on this surface c a u se s  a  d ec re a se  in the  transconductance  in 
high bias in TFT application. To-date, reports revealed that the  su rface roughness is 
dependen t on the following issues:
1. Amount of hydrogen content in the  a-Si:H [64,66].
2. Thermal conduction in a-Si:H [66].
3. M ulti-passes [65,66].
4. Ambient condition w here the laser crystallisation tak es  place [67].
For a-Si:H to have good electrical properties, a typical conten t of 10 at. % of 
hydrogen is required. The high concentration of hydrogen is required in the  a-Si:H to 
passivate  the  dangling bonds to give it a  good electrical property. However, this 
would becom e a  problem during laser crystallisation, a s  som e s e e  cater-like structure 
or m icroscopic blistering on the  surface of the  film that had not undergone 
dehydrogenation prior to laser treatm ent [64,67], while o thers have se e n  ablation at 
high laser energy density (more than 230 mJ/cm^) in UV w avelengths [65,68]. This is 
likely due  to the  explosive nature and good mobility of hydrogen atom s within the a- 
Si:H film. The sudden  increase in energy to the  atom cau sed  by the  photon created  
an explosive effect by the  hydrogen atom  within the film. Therefore, a-Si:H is usually 
undergoing dehydrogenation in a  furnace at a  typical tem pera tu re  of 450°C for 
several hours prior to the laser crystallisation process. However, this process 
prevents both a-Si:H and poly-Si devices to be fabricated onto the sam e  chip 
monoiithically. A m ethod developed to perform laser dehydrogenation and 
crystallisation a-Si:H had been  reported. This allows selective dehydrogenation and 
crystallisation a-Si:H, thus allowing a-Si:H and poly-Si devices to be fabricated onto 
the  sam e  substra te  monoiithically. This p rocess u se s  a gradual increase  in energy 
density of 150 mJ/cm^, 300 mJ/cm^ and 374 mJ/cm^ with a d e c re a se  of hydrogen 
content of 3 at. %, 1 at. % and 0.5 at. %. This confirmed hydrogen out-diffusion 
strongly d epends on the  laser energy density or on energy input to it [64]. However, 
m icroscopic blistering/void on film caused  by hydrogen is still s e e n  with high energy 
density used  in laser crystallised a-Si:H [64].
25
Literature Review
It w as reported that by changing the cooling rate through heating the  substra te  or a 
barrier layer would alter the  roughness a s  well a s  the  grain size [65]. Although in UV 
wavelength a majority of the photon energy is only absorbed  within the first 20 nm, it 
is absorbed  and sp read s  through the  film and substra te  by therm al conduction. A 
large enough energy density is required to induce sufficient h ea t to melt the  a-Si:H 
tow ards a-S i:H /substrate interface in order to obtain large grain size (SLG regime). It 
had been  docum ented that the  Si substra te  can experience tem pera tu res of up to 
1700°C for a  short duration. This may melt the  g lass  substra te , leading to 
contam inants from the g lass diffused into crystallised silicon, which this contam inants 
(impurities) would influence the  nucléation and crystallisation p rocess. Q uartz could 
be used  instead a s  it is transparen t to UV but is expensive for large a rea  electronic 
purposes. A solution is to u se  Si02 a s  a  barrier layer betw een the  a-Si:H and the 
g lass substra te . It is a  sim ple but effective way to improve grain size and reduce 
contam ination from the g lass. An Increase in grain size with increasing energy 
density at which the maximum grains size is achievable with thicker barriers. This 
could be explained by heat transfer argum ent proposed by Im et. al. [47]. The 
therm al conductivity for deposited  SI0 2  is lower than  g lass  over the entire 
tem perature range of interest. A thicker Si02 would imply a slow er cooling rate. A 
longer melt duration for energy densities which can c a u se  liquefaction, would allow 
grains to grow until their boundaries impinge, therefore resulting in a  m onomodal 
grain size distribution and a  large average  grain size. A short cooling rate  c a u se s  
the  grain to grow until the  unsolidified material becom es supercooled, w hereby 
hom ogeneous nucléation would occur. This results In a  bimodai grain distribution 
w here a few large grains are  surrounded by an abundance  of m uch sm aller grains, 
and thus a  sm aller average  grain size. Experimentally, w hen higher energy densities 
w ere used, fewer nucieatlon sites rem ained and so  longer grain growth periods w ere 
needed  to eliminate hom ogeneous nucieatlon.
The a-Si:H surface roughness is usually assoc ia ted  with multiple pulses 
crystallisation. An increase  in num ber of p a s se s  with the barrier led to an  increase  in 
the  average  grain size but a  d e c re a se  in root m ean square  (rms) roughness [65,66]. 
The scan  rate of the laser beam  also affects the  roughness [67].
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The surface roughness cau sed  by laser crystallisation is dep en d en t on am bient 
conditions during the  p rocess [65,67]. Investigations have been  conducted in rough 
vacuum , and am bient of nitrogen, helium, argon and air. it had been  suggested  that 
oxygen is detrimental to surface roughness, however, the  reason  for this 
phenom enon is unclear [67]. T he investigation show s air leads  to rougher surfaces, 
w hereas, inert am bience lead to a  sm oother surface. Large grain growth is initiated 
at a  lower energy density for sam ples crystallised in inert am bient but larger grain 
s izes a re  form ed in vacuum . This m ay be due to a  delay a t the  onse t of liquefaction 
during the  pulse duration a s  a  result of the  cooling effect of the  g as. This delay may 
prevent the increased  reflectivity of the liquid ph ase  to an extent that m ore energy of 
each  pulse w as absorbed , the  effect being a  shift of the  curves depicting grain size 
v ersu s energy density toward lower energy densities.
Large hillocks are  generally se en  a t grain boundaries. It could be up to 100% of the  
film th ickness at high energy density (340 mJ/cm^ at 248 nm). It is evident that 
during this laser energy density irradiation, significant m ass  transport tow ards the 
grain boundaries occurs, forming shallow valleys betw een the  grains and large 
hillocks a t the  boundaries. This behaviour has  been  explained by invoking the fact 
that grains solidify first due  to the  melting point of a-Si:H being about 20%  lower than 
that of crystalline Si. The surface roughening occurs via the  freezing of capillary 
w aves excited in the  silicon melt [68]. A volume chan ge  of the  silicon during 
solidification is sufficient to c rea te  a  capillary wave (the dispersion relation for 
capillary w aves of frequency in a  fluid layer of depth and the dam ping coefficient for 
the capillary w ave will be given in section 6.1.2) with liquid silicon driven tow ards the 
last a re a  of solidification. The grain boundaries and vertices, which typically a re  the 
last to freeze during lateral grain growth, have accum ulated silicon due  to the  action 
of the  expanded  solid material on the  remaining (denser) liquid material. A 10% 
density change betw een solid and liquid p h a ses  of silicon (2.53 g/cm® for liquid SI 
and 2,30 g/cm® for solid Si) provides a  driving force for the  creation of th ese  capillary 
w aves. Solidifying silicon will expand and exert a  force in the direction of the  growth 
front of the  grain toward the  adjacent melt. Liquid silicon m ovem ent will occur during 
melting and freezing how ever the  viscous effects suggest that the  freezing excitation 
will have the predom inant effect on film morphology. Several melt fronts will
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converge upon solidification to a  single point for the  liquid silicon to form into a 
sharply peaked  bum p feature graphically described in Figure 3-3.
A B
Figure 3-3 shows (a) two neighbouring nucléation sites solidifying under the action 
capillary waves that pushes together to meet and, (b) that hillocks like structures are
formed at that grain boundary.
3.1.4 Laser Crystallisation at Visible Wavelength
Most of the research  on laser crystallisation on a-Si:H has  been  carried out with 
excim er laser in UV w avelengths [14-68]. Few have investigated laser crystallisation 
with visible w avelengths [69-78]. It is only recently that interest h as  revived with laser 
interference crystallisation with dem onstration of two or th ree  beam  interference 
crystallisation with se ed e d  Nd:YAG lasers.
However, before going into laser interference crystallisation, it is good to look at work 
comparing crystallisation at different w avelengths on a-Si:H [69,70]. A good 
com parative study has been  carried out by Carius et. al. [70] for a weakly absorbed  
laser light of X=1064nm (a  » 10^ cm'^) and a strongly abso rbed  laser light of 
X=532nm (a  « 2x10® cm'^) excitation with frequency doubled pulsed Nd:YAG. It is 
found that laser crystallisation with 532nm does not show  a sharp  threshold in 
crystallised a-Si:H and incom plete melting of the films at low energy density leads to 
small crystallites and large strain in the  films a s  depicted by R am an results. As for 
1064nm excitation a very sharp  crystallisation threshold is se en  and it is accounted 
for by a non-linear absorption effect and with high energy density coupled into the 
film. It is also very sensitive to the  film thickness b ecau se  of interference effects. 
The experim ent is carried out with dehydrogenation a-Si:H and laser crystallisation 
process is carried in vacuum . It show s that l=1064nm  could be used  to crystallise 
up to a  film thickness of 800nm  and À=532nm up to SOOnm. The surface reflection 
m easurem ent carried out by Carius ef.a/.[70] has shown that À=1064nm is always
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assoc ia ted  with the whole film melting before crystallisation with a  tem perature dip 
below melting tem perature of 600°C. W hereas, À=532nm allows for partial film 
melting at low energy density which can  initiate crystallisation. Although the film 
crystallised with A,=532nm h as  m ore tensile strain in the  film, it is sm oother than  film 
crystallised with k=1064nm. In both c ases , a  d e c rease  in strain in the  film with 
increasing laser energy is se en  with saturation effects at higher energy density. The 
detection of diffusion of impurities from the  substra te  into the  crystallised film is also 
observed. This finding show s the possible use  of long w avelengths to crystallise a 
thicker a-Si:H. A longer wavelength (1=1064) is able to crystallise a  thicker a-Si:H 
than  that of a  shorter wavelength (1=532) b ecau se  of the form er's lower absorption 
coefficient in the a-Si:H.
Current research  in laser crystallisation is aim ed at gaining better control over the 
location and the size distribution of the grains over the crystallised a rea . In the 
ACSLG section 3.1.2.3, Im eta i. [60] dem onstrated  using photolithographic p rocess 
to produce SiOa strips that c rea tes  a  different therm al conductivity betw een a  strip 
and its surrounding prom otes preferential heating. The sa m e  group com bined beam  
shaping using m asks and sam ple scanning to fabricate large a re a s  of poly-Si with 
very large grains [42]. Sam esh im a et.ai. used  prepatterned a-Si:H films to achieve 
controlled lateral growth [55]. However, ACLG had also been  dem onstrated  by laser 
interference crystallisation m ethods [71,72], whereby two or m ore beam s from the 
sa m e  source are  brought together to interfere a t the a-Si:H surface. This p rocess 
had the advan tages over the techniques proposed by Im et.al. and Sam eshim a 
group, a s  no pre-patterning on the substra te  or the u se  of imaging m asks is used  
and, in addition. It is compatible with conventional a-Si:H technology with in situ 
application in an  a-Si deposition system .
Nebel et.al. [73,74] have dem onstrated  that with a  se ed e d  Nd:YAG laser of long 
coheren t length it is possible to produce dot patterns with th ree  beam  interference. 
S e e d s  of arrays with periods in the  range of 0.5-1 Op.m in the  a-Si:H layer consisting 
of small grains which could subsequently  be used  in therm al or laser sim ulated 
growth of large crystallites. Equation 3.1 is used  to determ ine the  period of the 
interference pattern and the  se t up is shown in Figure 3-4. Toet et.ai. [75] have
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carried this p rocess a  s tep  further by showing a m uch longer therm al energy and 
p rocess time is required with se ed e d  array sam ples. They also  found that 
preferential crystallisation around the se e d e d  a rea  is due to the  effects of s tre ss  in 
the  material. This effect had also been  noted previously by N akashim a e ta !  [76]. In 
addition, Schins and R adeiaar show ed that recrystallisation of poly-Si under s tre ss  
leads to growth of large grains [77]. They also account for grown-in defects, 
Involving s tre s se s  of the  order of 0.1 to 1 kbar that can drive crystallisation. A 
possible reason  for the  reduction in the  crystallisation energy barrier is due to the  
s tre ss  induced by the localised increase in structural disorder of the  a-Si:H.
Aichmayr eta l. [78] on the  o ther hand produces line patterns with just two beam  
interference process. The se t up is described in Figure 3-4a. They u se  two 
dim ensional finite elem ent com puter sim ulations developed by W ood and Geist [41] 
to explain their experim ental results of laser interference crystallisation process. It is 
com pared to the m easu rem en ts of the  crystallisation kinetics, determ ined by the 
transient changes in the  reflectance during laser exposure  and  to the structural 
properties of the  crystallised films. The simulation indicates that the  crystallisation 
front responsible for the  large grains p ropagates laterally from the  ed g e s  of the 
molten silicon lines to their cen ters with a  velocity of «14 m/s. A substantial lateral 
growth only occurs for laser intensities large enough to melt the  a-Si film around the 
cen ter of the lines down to the substrate . Vertical crystallisation, which is 
substantially slow er (0.5 m/s) also, participates in the solidification process.
; Equation 3.1
2 s in (y )
w here p is the period, X is the w avelength and oc is the  angle of incidence from the 
interference ray.
30
Literature Review
<  B
<  A
■ÛC,
<  A
Figure 3-4 (a) A two-beam Interference setup that could create line Interference pattern, 
and, (b) A three-beam Interference setup that could create a checker Interference 
pattern as A and B Interferes to give vertical lines and C and B Interferes to give 
horizontal lines that eventually result In a checker patterns are created.
3.1.5 Summary
The major interest to-date has been  to find a suitable crystallisation condition to 
realise the possibility to fabricate devices on silicon-on-glass. The interest is similar 
to our goals to fabricate field em ission devices on g lass but the  approaches and 
criteria are  different. They require a uniform conductivity and sm ooth crystallised 
a rea  w hereas our needs are  that the crystallised a rea  has  to have suitable 
conductivity and efficient field em ission. The conductivity d o es  not need  to be very 
good and the surface needs not be sm ooth, a s  long a s  the conductivity is sufficient to 
transport electrons from the cathode to the surface to be em itted into vacuum . This 
is achievable, a s  doping in silicon is possible. It should also be noted that in order to 
produce integrated drivers, there  might be a need  to produce good quality TFT poly- 
Si and then subsequently  treat the em itter com ponent of this 3 terminal device.
3.2 Review on Models for Electron Field Emission
In classical physics, an electron can only be emitted from a material provided it gains 
sufficient energy to overcom e the barrier to vacuum  - their workfunction. This is 
known a s  therm onic em ission, w hereby the therm al energy introduced to the material 
provides sufficient energy for electrons to escap e . This p rocess usually involves large 
energy consum ption and high tem perature (1000K) [79]. Fowler and Nordheim 
based  on quantum  theory to dem onstrate that a high field could effectively lower the 
energy barrier to vacuum  level, hence eventually allowing electrons to tunnel through 
the barrier rather than over it [81]. The narrowing of barrier betw een the cathode 
surface and vacuum  allows for a higher probability for electron tunnelling into
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vacuum . The Fowler Nordheim model can  be used  to explain electron em ission for 
metal with tip structures but it do es  not easily account for em ission at low threshold 
fields from sem iconductor m aterials and flat emitters. This eventually led to the 
introduction of hot electron model for sem iconductor cathodes. The negative 
electron affinity (NEA) model is usually invoked for diam ond films that p rocess NEA 
properties and the  defect band em ission model is just an extension of this. Emission 
due to geom etrical and filament enhancem en t has  also been  used  to account for low 
field threshold from localised em ission sites. This section is a  sum m ary of the 
various m odels proposed to explain field em ission from different cathodes.
3.2.1 Fowler Nordheim emission model
This model, created  to explain electron em ission into vacuum  under high fields from 
m etals, is based  on quantum  m echanical tunnelling [81,82]. The following
assum ptions a re  m ade in the  derivation.
• Free-electron model approximation.
•  Inside the  metal there  is no therm al excitation of the  electrons 
(Temperature=OK).
• Metal surface is sm ooth and planar, and,
• Potential barrier betw een the  metal and vacuum  is the  superposition of the 
potentials due to the applied electric field and an im age force.
This model do es  not account for any space-charge  effects in ca thodes. W hen the 
ca thode’s surface is subjected  to a  high field, the  barrier is lowered until it is 
eventually thin enough for electrons to tunnel through it into the  vacuum  a s  shown in 
Figure 3-5.
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Figure 3-5 (a) A typical band diagram of a cathode with a positive electron affinity, (b) 
A barrier thinning due to the application of high field.
The W entzel-Kramers-Brillouin (WKB) approximation leads to a  simplified Fowler 
Nordheim (F-N) equation, neglecting im age charge effects [83].
Equation 3.2
W here I is the em ission current, A is the  em ission area, Pfn is geom etrical factor 
equal to the  electric field at the metal surface divided by the  applied m acroscopic 
field potential, ^ is the  work function, and B and C are  constan ts. V is the  applied 
voltage.
However, it could be rewritten a s
4 -
J3F Equation 3.3
w here C ~ = 6.89x10®eV^'^Vm‘\  F is the applied field (applied voltage/eif]
vacuum  gap), e is the charge of an electron and rj is Planck constant/27i
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W ith the F-N equation, a  F-N piots with y-axis of log l/F^ versu s a  x-axis of 1/F can  be 
used  to determ ine the  p factor {gradient =  — ^ — ) and em ission a re a  (y-
interception = -log i .
An F-N plot would always give a linear plot from the obtained field em ission data  if it 
is b ased  on quantum  m echanical tunnelling. However, this is not alw ays the  c a se  
[84,85]. Thus, alternative argum ents have been  suggested . A nother discrepancy 
with the F-N model is if the p factor of 1 is a ssu m ed  for an  atomically flat film, the  
work function obtained from the gradient of an F-N plot is usually of very small value 
((t)<0.5eV). This m ay su g g est that the  p factor m ay be due  to som e other field 
en hancem en ts  within the fiat film [86]. However, it should be noted that the  p factor 
in the  F-N equation, which is always referred to a s  the  geom etrical enhancem ent, 
might also contain a  bulk enhancem en t factor arising from the  m icrostructure of the  
thin films.
Several research-groups have done extensive sim ulations to find a relationship for 
the  p factor. Hoffman e t al. show s the field enhancem en t factor a s  reflecting the 
effect of cathode surface roughness P r and is given a s  p = PfnxPr [87]. Talin et al. 
have produced a model b ased  on the  relationship betw een p factor and surface 
morphology [88]. It is m odelled a s  a  se t of cylinders of circular c ross section with 
hem ospherical sum m its of height (h) and radius (r) protruding from the cathode
hsurface. The result produced a  relationship for p of — w here h is the  height and r isr
the  radius of the tip. In a  practical c a se  of a  cone shape, the  h could easily be 
obtained with surface analysis like scanning electron m icroscopy but the  r is usually 
m ore difficult to determ ine.
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The d iscrepancy in the  F-N results has  led to many other m odels [89-92] to give 
m ore accu ra te  results, but it is stili the  m ost preferred m odel u sed  by the field 
em ission community to explain their results [93,94].
3.2.2 Space Charge Induced Band Bending (SCIBB)
Electron em ission b ased  on hot electrons w as first proposed in 1986 by Bayiiss and 
Latham to explained electron tunnelling through an insulator [95]. It is based  on the 
assum ption that the  energy gained by electrons a s  it m oves down the electric field 
allows it to becom e higher than  that of an equilibrium electron, thereby saying the 
electron gets  'hot'. A m aratunga and  Silva used  this concept to explain their field 
em ission from am orphous sem iconductors, which later h as  been  developed into 
sp a ce  charge induced band bending model (SCIBB) [89,96]. It h a s  been  shown that 
in the regim e of a  high electric field, O hm ’s  law is no longer obeyed [97], and 
electrons gain kinetic energy from the electrical field. This leads to energy 
transferred to the lattice predom inated by electron-longitudinal acoustic  phonon 
collisions. In a  normal field, collisions result in removal of the  electron’s  kinetic 
energy, however, in high fields, collisions with the  phonon do not completely rem ove 
the kinetic energy. Thus, electrons becom e 'hot' - achieve an  energy  level above the 
conduction band minimum. SCIBB is b ased  on either a  Schottky barrier created  
betw een the thin film and its substra te  due  to their difference in work function or the  
p resen ce  of a  heterojunction (in depletion). The carrier depletion in the  film close to 
the  back interface results in significant band bending and high local fields in this 
region. This had been  sim ulated by Lerner eta l. [98,99]. This high local field is 
much higher than the applied field, which has  been  qualitatively described by 
A m aratunga eta l. [89,92,96] and is experimentally show n by S ch lesse r eta l. [100]. 
A sim ple schem atic diagram  is shown in Figure 3-6a to explain the  above discussion.
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Figure 3-6 (a) A typical band diagram of a substrate with a lower work function than the 
thin film (b) The electrons travelling through the depleted thin film to the film/ vacuum 
interface to escape into the vacuum. Although the electron loses energy while 
travelling within the thin film through scattering, the electron remains hot' when it
reaches the interface.
3.2.3 Negative Electron Affinity
This model is used  to describe m aterials such a s  diam ond w hen hydrogen 
term inated on the  crystal orientation of <111> or <110> [101,102], with conduction 
bands above the vacuum  level. A sim ple diagram  showing energy  band diagram s of 
a  positive electron affinity (PEA) material and a negative electron affinity (NEA) 
m aterial is shown in Figure 3-7. The electron in the  conduction band of a  NEA 
material would be emitted effortlessly into the  vacuum  a s  the barrier betw een the thin 
film and vacuum  does not exist. A NEA material is usually a  large band gap  material, 
and it is difficult to dope this material [103]. N-type diam ond h as  been  shown to exist 
with adding nitrogen or phosphors [99], which m ake hydrogen term inated diam ond a 
suitable NEA surface. Due to its large band gap, the  promotion of sufficient electrons 
from the valence bands to conduction band is very difficult [104]. The NEA property 
is also not uniform acro ss the material [105].
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Figure 3-7 (a) A PEA material, which has its conduction band below the vacuum energy 
level, and, (b) A NEA material, which have its conduction band above the vacuum
energy level.
Defect band em ission model is an extension of NEA. It describes a  defect induced 
energy band lying below the  conduction band but above the  vacuum  level [106]. It is 
possible that som e electrons travelling along the conduction band can  get trapped in 
the defect band that eventually allows them  to be emitted into the  vacuum  by a 
hopping m echanism  [107].
3.2.4 Emission due to substrate geometric fieid enhancement
Field em ission threshold would be lowered with sharp  tip/edges. The sharp  structure 
would experience a field several tim es higher than the applied field, which is usually 
term ed a s  local field. G om er [108] had shown that E j » V/5r, w here V is the applied 
field and r is the  radius of the tip end. For a  single crystal to be grown on a tip by 
heating, a  lower limit of the  tip radius is » 2x10'®cm [109]. This implied that a  field of 
«  5kV is required to initiate a  field em ission. At th ese  potentials, positive ions formed 
in the  interelectrode gap  will sputter the  emitting tip [110, 111]. The rate of the 
associa ted  em ission decay  and m agnitude of the  em ission fluctuations is significant 
until p ressu re  levels on the order of lO' '^* torr or lower is achieved [112]. This is 
expensive and impractical for a  practical device. A breakthrough in micro fabrication 
techniques by Spindt [113] allows field em ission to attain at a  p ressu re  of 10'® to 10'®
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torr, which could be applied in practical devices. The p rocess is described in section 
3.3.1. An em ission current of 1-1 OpA per tip with an applied field of only 300V is 
reported. This is only one third of what is predicted by the G om er equation and is 
attributed to field enhancem en t effects by virtue of single atom s protruding from the 
tip surface [114, 115]. A simple diagram  to dem onstrate field enhancem en t at the tip 
is shown in Figure 3-8.
Anode
Electric fin
ICC nductor tip
Cathode
Figure 3-8 A schematic showing a tip protruding from the cathode surface, with the 
fieid line strength concentrated at the very end of the tip.
3.2.5 Emission due to conductive filaments giving rise to field 
enhancement
This is very similar to the geom etrical field enhancem ent, but rather than having a tip 
protruding out from the cathode surface. A conductive path is form ed in the bulk 
cathode itself. A diagram  showing this is shown in Figure 3-9.
Less-conductive
Sem iconductor
Anode
lectric field line
Conjductive Filament 
C athode
Figure 3-9 shows a conductive filament protruding to the cathode surface. The 
different conductivity between it and the surrounding (much less conductive) allows 
field lines to concentrate onto it by simple electromagnetic theory. This would in turn 
create a high local field to aid field emission.
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It h as  been  reported that graphitic filaments within a-C  normal to the film surface give 
rise to field em ission [116]. Recently, Carey et.al. have show n small conductive 
pa tches on a-C by scanning tunnelling m icroscopy (STM) that might explain the high 
p factor from the mirror sm ooth flat thin films [86].
3.2.6 Summary
In this section, a  review of the  different field em ission has been  d iscussed . It can be 
simplified a s  the;
1. Surface effect.
2. Bulk conducting effect.
3. Back contact effect.
F-N m odels and geom etrical field enhancem en t are  basically su rface effects. NEA 
model, defect band em ission model and filement en h ancem en t are  all bulk 
conducting effects. SCIBB is a  combination of bulk and back contact effects. 
Although th ese  m odels have attained susta ined  su c ce ss  in explaining their own 
practical results, none of them  can be used  universally to explain all their field 
em ission results from surfaces.
3.3 Review On Tlp-Fabrication Techniques for Fieid Emission 
Arrays Application
A tip structure is important to achieve a  low em ission threshold due  to the  p factor 
that will provide geom etric enhancem ent. The two main m aterials that have been 
explored for such  field em ission tip structures through a  photolithographic p rocess 
are  silicon and molybdenum.
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Silicon tips have been  investigated with a hope that the vast knowledge currently 
available in silicon fabrication techniques will allow the display industry to leap ahead  
of the competitors. However, the lack of large substra te  dim ensions and difficulties in 
obtaining an uniform preference etching p rocess over large a re a s  prevent it from 
being adopted by the whole field em ission community. On the other hand, 
molybdenum tips are  more functional. It has been adopted by Pixtech producing field 
em ission prototypes to the  display community [13]. It u se s  m any photolithography 
steps, which require clean room processing that is too expensive to be used  for m ass 
products for the consum er market.
3.3.1 Spindt Tips
T here are  two m ethods to fabricate silicon tips. O ne u ses  “isotropic” wet etching and 
the other u ses  an “anisotropic" wet etching method. The isotropic p rocess [117-119] 
u se s  e tchan ts that attack the crystalline material in all direction uniformly while 
anisotropic e tchan ts [120-122] only attack specific crystal p lanes a t a much faster 
rate than others. Both can be used  to produce sharp  pyramid structures. In isotropic 
etching, over etching would tend to round off the tips, therefore the  etching is usually 
stopped  just before the cap  (patterned Si02) is about to fall off. Oxidation is used  to 
sharpen  the tips with isotropic selective etching. Single silicon w afers (100) are 
usually used  due to its crystal plane orientation that allows anisotropic etching. 
Anisotropic p ro cesses  do not suffer from tip rounding off due  to excessive etching 
[123]. Atomically sharp  silicon tips have been  reported [119]. A diagram  showing the 
isotropic fabrication p rocess is in Figure 3-10 and the anisotropic p rocess is shown in 
Figure 3-11.
Silicon
Silicon Oxide (Si02)
Figure 3-10 (a) shows a 1 p m thick oxide pattern formed on a silicon surface (b) shows 
the etched silicon being undercut until points are formed and the oxide discs are then
removed [117].
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Figure 3-11 (a) An insulator is first deposited onto the substrate and patterned to form 
the top cap (b) A wet-etch is then proceeded with anisotropic etchant for preference 
etching of crystal planes (c) It then undergoes an oxidation process to sharpen the 
tips, (d) An oxide layer is then deposited over the substrate, (e) Resist is then put on 
and pattern with a layer of metal deposited over it to form the gate, (f) The resist is 
removed and the top cap is then removed with the etching of the oxide layer [124].
Spindt first introduced the fabrication of Mo tips in 1968 [125]. It w as based  on thin 
film m ethods, which also involved several electron beam  lithography s tep s  for 
subm icron patterning [123]. A typical fabrication p rocess is shown in Figure 3-12.
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Figure 3-12 (a) An oxidized silicon wafer with a layer of molybdenum deposited over it, 
with holes of 1 pm or less down to the silicon substrate is formed using 
photolithography or electron lithography, (b) The whoie substrate is mounted in a 
vacuum deposition system and rotated about an axis perpendicular to its surface. A 
parting layer of aluminium oxide is deposited by thermal evaporation onto the rotating 
substrate at an angle of 30° from the surface. In this manner the size of the holes are 
formed to the desired diameter, (c) The molybdenum is then deposited through the 
partially closed holes by evaporation from a small source positioned to deposit 
material perpendicular to the substrate surface. As the diameter of the hole continues 
to decease, a cone defined by the shadow masking effect of the decreasing hole 
diameter is formed by the molybdenum vapour condensing at the bottom of the cavity. 
A point to formed as the hole closes. Considerable controls of the cone height, angle 
and tip radius are needed together with accurate choice of the starting hole size, the 
thickness of oxide layer, and the deposition parameter, (d) The aluminium layer is 
removed to revive a three terminal device [125].
Although both have dem onstrated  relative low field threshold for em ission in a 
vacuum  environm ent feasible for device applications, they a re  limited in size and it is 
an expensive process. Therefore, it is essential to bring the m anufacturing cost 
down to a level acceptab le  to consum er m arkets and competitive with those  of the
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AM LCD display. This will only be possible if photolithography is avoided from the 
process.
3.4 Field Emission from Silicon
N um erous reports on various coatings on silicon tip and results from single-Si tips 
and poly-Si tips [157] have been  reported.
Many still think field em ission from silicon a s  mainly due  to surface effects, therefore 
several research  groups have tried to improve field em ission by using different 
coating on Si tips. Molybdenum silicide coatings onto ga ted  poly-Si em itters have 
dem onstrated  im provem ents in em ission current and stability [157]. This is due to 
the  sm aller work function and better surface inertness. A Mo coating on Si tips has 
been  shown to give a lower turn-on voltage, a  higher em ission current and a  ionger 
lifetime [158]. Photoresist coated  Si tips also s e e  an increase  in em ission current 
and a re  m ore stable [156] a s  it protects the tips from being poisoned. This 
im provement is due to the  geom etrical change in the  tip apex  rather than ch an g es in 
surface properties such a s  work function. Am orphous carbon with high sp^ content 
when deposited  on silicon tips also  gives an improvement in the  field em ission 
properties com pared to uncoated Si tips [159]. Single and polycrystalline diamond 
on silicon tips a lso  improved the em ission properties in term s of em ission stability 
and higher em ission currents [160]. This is thought to be due  not only to the  low 
electron affinity, but also to the  inert properties of diam ond that prevent 
chemisorption of the  residual g a s  hence improving the  stability. Boron nitride is 
ano ther material that has  been  used  to coat Si em itters that show s a low threshold. 
This is likely due  to its low electron affinity [161]. R esearch  by Litovchenko et. al. 
[145] on modified Si tips revealed that with different coatings such  a s  diamond-like 
carbon films and porous silicon, em ission efficiency is improved and their field 
em ission data  in the  F-N plot conform with the F-N model. T he sa m e  could also be 
found in caesium  enriched silicon surfaces and hydrogen implanted surfaces.
Filip et. al. had tried to establish a  theoretical study and sim ulated the  possible 
transportation of Si/Si02A/acuum ca thodes [80]. It show ed that high fields electrons
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a re  injected from the  Si to SiOa, then  accelerated  in the  oxide and em itted into 
vacuum. Photoem ission results show ed the  p resence  of hot electrons in the  oxide 
layer. This is useful for the study of electron transportation through other sem i- 
insulating sem iconductors other than SiOg.
R esearch  also show ed that by using the fundam ental knowledge of "pn" junctions, it 
is possible to regulate the  field em ission current by reverse  biasing the  junction. A p- 
i-n structure [162] is shown to have reduced noise in the  em ission p rocess in the  high 
voltage region a s  com pared with n FEA and p-n FEA. This is b e c au se  of a  higher 
breakdow n voltage that gives a  much m ore stab le em ission.
An interesting result published by M atsukawa et.al. show ed contradiction to others 
[163]. It show ed that a  p-type Si em itter is able to emit at a  lower threshold field than 
its n-type counterpart. It show ed surface s ta te s  on the n type em itter tip a s  
negatively charged, and, forming a potential barrier, which restricts electron 
m ovem ent, which is not p resen t in the  p-type emitters.
Few resea rch ers  have explored the possibility of using non-lithography m ethods to 
c rea te  structures that can enhance  electron em ission from silicon. The limited 
exam ples include silicon nanow ires [139] and flat a-Si:H cathodes [138]. Evtukh 
[155] h as  shown ch an g es in surface morphology of polycrystalline silicon using 
therm al oxidation to sharpen  asperities, which have improved em ission thresholds. 
Lee et. al. [139] show ed Si nanowires which ap p ear to improve em ission in a  p rocess 
similar to carbon nanotubes. Another nonlithographic approach  w as taken by 
Holland et. al. [154] in creating spindt tip structures from m icroporous of AI2O3. Silva 
et. al. [165] show ed field em ission from a-Si:H flat ca thodes at relative low fields 
through current stressing. The em ission w as based  on a sp a ce  charge induced band 
bending model (SCIBB) w here a Schottky barrier is crucial. It h a s  also  been  reported 
that the em ission threshold is dependen t on the  thin film th ickness [164]. Surface 
d am age  by current stressing  w as recorded to improve the em ission threshold [165],
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Chapter 4 
Experimental Techniques
This chapter d iscussed  the  basic concepts of the  different experim ental techniques 
used  in this research . They a re  grouped in the following categories;
1. Film p rocess and characterisation.
2. Field em ission testing.
4.1 Film Process and Characterisation
4.1.1 Plasma Enhanced Chemical Vapour Deposition
The p ro cesses  used  for preparation of a-Si:H thin fiims employ a parallel plate 
P lasm a Enhanced  Chemical V apour Deposition (PECVD) system . It is a  very simple 
system , with the complexity associa ted  with the physics and chem istry that takes 
place in the plasm a during deposition called PECVD b e cau se  it u se s  a  plasm a to 
d issociate gas, which enab les  the u se  of low tem perature  su b stra tes  for thin film 
growth. The silane g a s  w as introduced into a cham ber with low pressure. A high RF 
fieid w as then applied to the  two parallel plates inside the  cham ber to initiate the 
plasm a. The high field caused  bom bardm ent betw een the  m olecules, which released  
an electron. T hese  energetised  electrons then collided with the g a s  m olecules, which 
ionised the molecule and at the sa m e  time released  m ore electrons. T hese  electrons 
gained alm ost all the  kinetic energy from the  electric field due  to its small m ass  
w hereas the acceleration of the  ions is negligible b ecau se  of its large m ass. The 
m olecules w ere excited into higher electronic state , w here recom bination to ground 
s ta te  resulted in the  em ission of photons, which gave the  glow discharge se e n  in a 
plasm a.
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The silane (SiH4 ) w as d issociated into SiH2 , SiHa or Si. The basic model involved 
adsorption of the m olecular fragm ents onto the growing surface. As the growth 
proceeded, silicon atom s b ecau se  d eep er below the surface and  lose their ability to 
reconstruct or take  up g a s  m olecules. However, interstitial hydrogen has  the ability 
to m ove rapidly into the bulk repairing the dangling bonds, removing any subsurface 
defects left by the  deposition process.
4.1.2 Sputtering
The sputtering p rocess w as used  to lay thin film metal for the  contacts; it used  the 
sam e  principle a s  PECVD. The difference is it used  a solid sou rce  and used  ion 
bom bardm ent from an inert atom  to re lease  the  radicals. Evaporation w as also used  
to deposit metal for the  contacts. It heated  the source to its boiling tem perature to 
re lease  the atom s, which condensed  onto the target a s  a  thin film.
To analyse the thin film properties, surface analysis like R am an spectroscopy, 
Scanning electron microscopy. Transm ission electron microscopy, Rutherford 
backscattering spectrom etry. Atomic force microscopy and Tunneling electron 
m icroscopy w ere used.
4.1.3 Raman Spectroscopy
R am an spectrum  is a  vibrational signature of a  molecule. The collision betw een the 
photons of the  incident laser and the  material m olecules led to an exchange of 
energy with consequen t changes in the total energy and hence  w avelengths of the  
incident beam . This scattered  light w as recorded a s  R am an scatter. The R am an 
spectra  taken from our experim ent w as done at room tem perature, within a micro- 
R am an system  (Renishaw  System  2000 R am an M icrospectrom eter). The laser used  
in this system  to excite radiation is a GaAIAs, sem iconductor laser working at 782 nm 
w avelengths with a  power of 13 mW. This low power illumination should not have 
any implications in modifying the  sam ple structure or su rface morphology. The 
R am an data  w as analysed with its custom  software called GRAM32 version 5.2.
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4.1.4 Scanning Electron Microscopy
For scanning electron microscopy, a  beam  of electrons w as genera ted  within a 
vacuum  environm ent. That beam  w as collimated and scan n ed  acro ss  the surface of 
the  sam ple. The imaging m ethod is by collecting secondary  electrons that w ere 
re leased  by the sam ple. By correlating the  sam ple scan  position with the resulting 
signal, an im age could be form ed that is strikingly similar to w hat would be se en  
through an optical m icroscope. The scanning m icroscope that w as used  in our 
experim ent w as a fieid em ission one. It is a  Hitachi S4000 field em ission scanning 
m icroscope to take higher resolution im ages than a conventional one.
4.1.5 Transmission Electron Microscopy
The transm ission electron m icroscope (TEM) worked by sending a beam  of electrons 
through the specim en. The am ount of electrons transm itted through the  specim en 
w as projected onto a  phosphor screen , which gave information on the  atomic 
structure of the material being exam ined.
4.1.6 Rutherford Backscattering
Rutherford Backscattering (RBS) is b ased  on collisions betw een atom ic nuclei. The 
backscattered  ion energy from the  beam  after colliding with the  sam ple determ ined 
the atom ic m ass  and elem ental concentrations versus depth below the  surface.
4.1.7 Scanning Probe Microscopy
There are  th ree m odes in atom ic force microscopy (AFM), nam ely contact, non- 
contact and tapping m ode. In our experim ent, the tapping m ode w as used. In this 
mode, the  AFM’s  probe w as oscillated at resonan t frequency, w here it tapped  the 
surface for a  very small fraction of its oscillation period. The probe would reflect a 
laser light onto the split photo-diode. The signal in the split diode photo detector 
dep en d s on the level of bending in the  cantilever caused  by the interaction betw een 
the  probe and the specim en. This would p rocess into a  th ree  dim ensional im age of 
the specim en. In a  scanning tunnelling m icroscope (STM), a  tunnelling current 
flowing betw een a sharp  tip and the  specim en w as used  to build an  im age of the 
surface. This tunnelling current depended  exponentially on the  d istance betw een the
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two conductors and allowed atom ic resolution. By monitoring the current over each  
point of the sam ple, the electronic topography of the  surface couid be recorded. Both 
AFM and STM used  in our experim ent had used  a  N anoscope III Digital Instrument. 
All the analyses w ere done with N anoscope custom  software.
4.1.8 Field Emission Testing
In this experim ent, a  high external field w as used  with a  vacuum  gap  betw een the 
sam ple and the anode, with the  substra te  beneath  the sam ple grounded. As there 
w as a vacuum  gap, the  only way for conduction to occur w as by the e sca p e  of 
electrons from the  thin film/ sam ple to the  probe. There w ere two m odes in which 
the films w ere tested . The vacuum  is m aintained by using an  oil diffusion pumping 
system  with a p ressu re  < 1x10 ® torr during m easu rem en ts on both system s. The 
pumping p rocess consists of two s tages. The first s tage  of pumping is done using a 
rotary pump, which works from room atm osphere  to about 10® torr. The pump 
consists of a  wheel with vanes on the perim eter lubricated with oil. W hen the wheel 
rotates, the  vanes  trap  air m olecules from the  vacuum  vessel betw een the wheel and 
the pum p wall, and transport them  to the exhaust port of the  pum p via a  one-way 
valve to be expelled into the air. W hen the  cham ber (where the  sam ple sits) had 
attained a rough vacuum  (about 10 ® torr). A lower vacuum  level is achieved through 
oil diffusion pum ps. They can  operate  in the p ressu re  region of 10 ® to 10 ® torr. In 
an oil diffusion pump, oil is heated  to its boiling point and forced up through a tube 
into a  num ber of bell shaped  structures, which direct the  oil vapour back down 
toward the  b ase  of the pum p and toward the exhaust of the  diffusion pump. As the oil 
vapour is forced down, it m ay hit air m olecules and direct them  tow ards the exhaust 
of the diffusion pump, and then into the intake of a  roughing pump.
4.1.9 Probe testing
The schem atic of the  system  used  is shown in Figure 4-1 with Figure 4-2 showing a 
visualisation during the experim ent. T he em ission current w as m easu red  with an 
external field applied to determ ine the threshold or ‘firing’ field and em ission 
characteristics of the  sam ple w ere then m easured .
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Figure 4-1 A schematic diagram for field emission testing.
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Figure 4-2 The scenario of field emission with a probe cathode.
As shown in Figure 4-2, the whole p rocess is com puter controlled. The small readout 
current is converted to a voltage to be read by a voltmeter. The com puter reads in 
the voltage and converts it back to its equivalent current value. The com puter starts 
reading in the voltage when a stable supplied voltage is detected . The reading is first 
subtracted  from the initial reading (no field applied) to get rid of noise and a hundred 
readings are  taken with only the average  recorded for each  voltage step. X, Y and Z 
m ovem ent is allowed in vacuum , with X and Y range achieved by m icrom eter with a 
range of 0-25mm and the Z range is controlled by a s tepper m otor with step  
resolution of 2.5pm . The probe is brought down in contact with the sam ple to 
m easu re  the separation. The probe is then taken up to its desirable height, with the
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resolution specified by the com puter program. The probe is m oved aw ay slightly to 
m ake sure  that the a rea  under investigation is not dam aged  by the initial contact. 
Four cycles and 15 V s tep s  are  used  a s  the default values for readings. The applied 
voltage range is 50-2000V and the current is limited to 1x10 ® A to avoid dam age to 
the  sam ple surface. The field em ission threshold w as defined w hen the em ission 
current reaches  1x10® A at a particular field. This field is chosen  a s  to avoid 
confusion with noise. The probe is occasionally brought down in contact with the 
sam ple to m ake sure  the vacuum  gap  is correct and to check if the sam ple is sitting 
flat.
The ‘sphere  to p lane’ system  shown in Figure 4-2 is more straightforward to analyse 
than the plane to p lane’ system  shown in Figure 4-3. The ed g e  effect associa ted  
with ‘plane to p lane’ system s is d ism issed in the ‘sphere  to p lane’ system . A holder 
is used  to suspend  a sta in less steel ball (diam eter = 5mm) to achieve total electrical 
isolation from the sam ple, unlike the ‘plane to p lane’ system , w here the anode is 
isolated from the sam ple by the insulating spacer. The edge  effects reported could 
be due to high electric fields causing molecule or species trapped  in the sp ace r to be 
re leased  during the testing. They may get ionised and c a u se  a discharge.
Spacer.
Sample
ITO coated
G lass 
ITO 
S pacer 
rea
Thin Film Sam ple 
Substrat
W '
Vacuum gap
/ 7 7 Cross Section View
Figure 4-3 ‘Plane To Plane’ System.
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Chapter 5 
Experimental Results
This section is divided into th ree  main parts. W e started  the resea rch  by examining 
the  m icrostructure of a-Si:H films w hen subject to Nd:YAG visible w avelength (632 
nm) laser crystallisation. The differences in surface m orphology on sam ples with 
different metal underlay and different doping levels will be described  and their 
corresponding field em ission will be exam ined. In parallel, we also conducted 
research  into excim er laser crystallised a-Si:H and exam ined th e se  films for field 
em ission. This is covered in the second  part of this chapter. Due to the more 
encouraging field em ission results obtained using excim er laser crystallised a-Si:H, 
we then proceeded  to develop a lithography-free p rocess for a  th ree  terminal device 
configuration for th ese  films. This is covered in section 5.3 of this chapter.
5.1 Nd: YAG laser crystallisation of a-Si:H
Laser crystallisation has been  studied for som e time and a lot is now fairly well 
understood [67-78]. However, m ost research  h as  concentrated  on lase rs  operating 
at UV w avelengths and particularly excim er laser w avelengths. The main reason  
for its popularity is associa ted  with the UV being absorbed  within a  few nanom eters 
of a-Si:H and therefore having a minimum effect on the substra te . Although the 
initial motivation of crystallisation of am orphous silicon with lasers  w as to u se  cheap  
substra tes  such a s  g lass with processing tem pera tu res of less than  600°C. Im et.al, 
[42,43] have reported the substrate/a-Si:H  interface could reach  tem pera tu res in 
ex c ess  of 1000°C in som e c a se s . In theory, the  absorption of laser energy is 
limited to a  few nanom eters a t the surface and localised heating with short quench 
time should allow for cheap  substra tes  to be used  without deform ation under the 
correct conditions. But diffusion of impurities from the g lass  into the crystallised 
silicon has been  reported [72]. Visible w avelength m ay prove to be more
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advan tageous b e cau se  of the  a-Si:H’s  higher energy absorption in the  g reen  of the 
visible light spectrum  than that of the  UV wavelength. It is possible and  in addition 
cheap  substra tes  such  a s  g lass  a re  usually m ore transparen t to visible w avelengths 
than  to UV [40]. There have been  only a few papers published on laser 
crystallisation using Nd:YAG in the visible w avelength a s  the  em phasis  has  been 
put on crystallisation at UV w avelengths. There is no report discussing the 
m echanism  of crystallisation in visible w avelengths. The different absorption 
dep ths in a-Si:H with visible and UV w avelength laser b eam s could crea te  
conditions that a re  therm odynam ically different within the film leading to  a different 
crystallisation m echanism .
The work on Nd:YAG laser crystallisation w as carried out a t the  University of 
D undee w here the  sam ples w ere grown by PECVD, a s  described  in section 4.1, 
with post-deposition processing done by a laser treatm ent a t a  w avelength of 532 
nm. The laser u sed  w as a Continuum Surelite 111-10, capable  of producing laser 
pu lses of a  frequency of 10 Hz with harm onic options for 532, 355, 266 nm and able 
to provide energy up to 450m J per pulse at 532 nm w avelengths. The pulse 
delivered a relatively flat profile with a  diam eter of 3 mm in the  n ea r field region for 
a pulse width of 3 nsec. An a-Si:H th ickness of 100-nm w as used  throughout in our 
experim ents. T he deposition param eters u sed  in the  preparation of all th e  sam ples 
w ere using a  g a s  flow of 40 seem  of pure SIH4 , a t a  cham ber p ressu re  of 150 mtorr 
at a  tem perature  of 350°C with a RF power of 6.5 W. The crystallisation p rocess 
w as carried out using 532 nm w avelengths a t atm ospheric conditions in the  near 
field (< 1m from the laser). It w as carried out under clean room conditions to 
minimise contamination.
5.1.1 Laser crystallisation of intrinsic a-Si:H using visible 
wavelength
The aim of this experim ent is to investigate the  crystallisation m echanism  of 
am orphous silicon and to exam ine if the  num ber of pu lses or level of laser energy
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could better control crystallisation. This is then  com pared with o ther researchers  
using similar system s and those  reports using UV laser.
Intrinsic a-Si:H sam ples on Corning 7059 w ere used. Two se ts  of crystallisation 
experim ents w ere carried out at a  w avelength of 532 nm. O ne se t of sam ples w as 
irradiated with a  single pulse of varying energy density and the  other with a 
constan t energy  density but with a  different total num ber of pu lses used  to 
crystallise the  sam ple.
In the  experim ent, atom ic force m icroscopy (AFM) w as em ployed to investigate the 
surface morphology of the  irradiated surface. Transm ission electron m icroscopy 
(TEM) and R am an spectroscopy w ere used  to determ ine the  d eg ree  of crystallinity 
in the  sam ple. A simulation based  on the  W ood therm odynam ics m odel [41] w as 
used  to give an insight on therm odynam ic a sp ec ts  within the  film during the 
crystallisation process.
The sam ple irradiated with a  single pulse of varying energy density  w as first 
investigated using AFM. A graph of grain size and root m ean sq u a re  (rms) 
roughness Is shown in Figure 5-1. The rm s roughness of the  su rface  m aps the 
variation se en  in the  grain size closely a s  a  function of laser energy  density. Both 
of th ese  param eters Increased proportionately with energy density for single pulse 
crystallisation. In a  similar study using a 532 nm laser, Carius et.al. [70] did not 
observe any energy threshold for crystallisation. In our study, however, a  clear 
step-like behaviour at around 400 mJ/cm^, w as observed with a  sudden  increase  in 
the grain size and rm s roughness of the  surface. This step-like behaviour could be 
determ ined by visual, a t point A in Figure 5-1 a. Som e m ay argued  that it m ay not 
be reliable to depend  on a  single point in determining a step-like behaviour 
especially this rep resen t a change of growth regime. However, taking the 
num erical da ta  from each  of the  point, it is found that in the  low energy  density 
regime, a  different energy density («60mJ/cm^) betw een each  ad jacen t pulse will 
normally give a grain size increm ent of 140nm. The energy  density difference
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betw een point A and B is w60mJ/cm^ give a grain size increm ent of 400nm . This is 
a significant increase in the  grain size. A ssum e the point A is not present. The 
energy density difference betw een point B and C is «120m J/cm^ give a grain size 
increm ent of 450nm . This is still a significant increase in grain size when 
com paring to those  in the low energy density regime. A different energy density of 
«120m J/cm^ should give a grain size increm ent of 280nm .
Similar results have been  observed by o thers using UV laser induced SLG of a-Si:H
[46,47]. Beyond this s tep  threshold, a p lateau in the grain size dep en d en ce  on 
energy density w as observed.
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Figure 5-1 The variation of (a) grain size and (b) rms roughness, versus energy 
density for single puise laser crystallisation at 532 nm.
Transm ission Electron Microscopy (TEM) diffraction patterns taken  of the  irradiated 
a rea  show ed a single crystal diffraction with different orientations on the  Nd:YAG 
single pulse crystallised films (Figure 5-2). However, it w as noted that at the  lower
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energy density (176 mJ/cm^), an am orphous p h ase  still rem ained a s  evidenced by 
the diffuse rings shown in Figure 5-1 a. The diffuse am orphous rings w ere absen t 
when the single pulse laser energy w as increased  to 530 mJ/cm^ (Figure 5-2b). In 
this case , a  good quality crystalline silicon film w as c rea ted  after the laser 
irradiation. No am orphous ring w as p resen t w hen a laser energy density in ex cess  
of 400 mJ/cm^ w as used.
A. B.
Figure 5-2 TEM diffraction patterns for single pulse crystallisation at 532nm for 
energy densities of (a) 176 mJ/cm^, and (b) 530 mJ/cm^.
R am an scattering w as also performed on the laser crystallised region giving a well- 
defined peak at 518 cm'^ with a  Full Width Half Maximum (FWHM) of 16 c m '\  The 
FWHM of a Ram an signal from a commercially available single crystal Si wafer w as 
also 1 6 cm '\ which gave evidence of a  high quality material within the Ram an 
beam .
In order to gain an insight into the crystallisation p rocess with a  Nd:YAG laser, a 
com puter simulation based  on W ood’s therm odynam ic model w as used  [41]. From 
the sim ulated results (Figure 5-3), w hen an energy density laser pu lses of (70 
mJ/cm^) is used, only a few nanom eter of the  top surface of the  am orphous silicon
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is affected, increasing the  energy density to 176 mJ/cm^ would s e e  the 
crystallisation extend into the material. Although crystallisation only took place at 
the  surface in a 20nm  window according to the  simulation with an  energy  density of 
70 mJ/cm^, the  ch an g es to the  surface w as sufficient to provide a seeding  effect for 
su b seq u en t laser pu lses to crystallise further into the material. It is known that laser 
energy with w avelength of 532nm  can be m ore readily abso rbed  in c-Si than  in a- 
Si:H [40]. The ch an g es on the surface would allow m ore laser energy  to penetrate  
into the film providing the seeding  effect for the  crystallisation to take  place m ore 
readily.
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Figure 5-3 Simulation result based on Wood’s thermodynamic metal with energy 
density of (a) 70 mJ/cm^ (b) 176 mJ/cm^.
The com puter simulation is only applicable to single pulse crystallisation. This is 
b e c au se  the simulation is purely b ased  on therm al effects crea ted  by the laser 
beam  and do es  not take into consideration any seeding effects. Therefore, no 
simulation is carried out with multiple pulse crystallisations.
In the multiple-pulse crystallisation experim ent, the energy densities u sed  w ere 70, 
106, 123 mJ/cm^ per pulse with 10, 1200, 3000 pulses per sam ple. A repetition 
rate  of 10 Hz w as used  throughout the experim ents and therefore it may be
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assu m ed  that the  silicon molten front has  reached  an equilibrium sta tu s  before 
being exposed  to successive  laser pulses. The result of the  grain size and rms 
roughness d ependence  on the  num ber of pu lses is shown in Figure 5-4.
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Figure 5-4 The variation of (a) the grain size and (b) rms roughness, versus number of 
pulses for multiple pulse laser crystallization using 532 nm with energy densities of
70 (♦), 106 (■), 123 (A) mJ/cm^
Both the rm s roughness and the grain size increased  a s  a  function of laser power 
density a s  well a s  the  num ber of pu lses used  in the  experim ent. However, in the 
th ree  c a se s  considered, the  grain size reached  a value in e x c e ss  of 1 micron. A 
similar result w as also observed  for the  rm s roughness, which ap p eared  to indicate 
that, in the c a se  of sequential laser crystallisation, the lower the  power, a  g rea ter 
num ber of pu lses w ere required to achieve large crystallite dim ensions. This is a 
very interesting result a s  it indicates that it is possible to fully crystallise thin layers 
of a-Si:H in a  controlled m anner by using small packets of energy  in a Nd:YAG 
laser system . It a lso  alludes to the  fact that the  threshold observed  in the  single 
pulse crystallisation p rocess d o es  not exist in the  multiple pulse p rocess that allows 
better control of grain size formation.
The diffraction pattern taken from multiple pulse crystallised a-Si:H sam ple is shown 
in Figure 5-5. This is typical for the  large grained multiple pulse irradiated film,
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which show s sharp  rings in terspersed  with well defined spo ts assoc ia ted  with 
silicon that can be attributed to a polycrystalline (silicon) film. This confirmed that 
the crystallisation p rocess could be com pleted with small packets of laser energy 
density.
Figure 5-5 TEM diffraction patterns showing a poiycrystaiiine Si microstructure for 
multiple pulse laser crystallisation at 532 nm at an energy density of 106 mJ/cm^
where 1200 pulses were used.
From the results shown above, a new m echanism  w as p resen t during the 
crystallisation p rocess with a  Nd:YAG laser operating at 532 nm wavelength. In 
single pulse crystallisation, there  is a  clear threshold se en  at around 400mJ/cm^, 
w hereby a sudden  increase in grain size of the crystallised silicon w as observed. 
This is in agreem ent with those  reports on crystallisation using excim er lasers
[46,47], w here a sudden  increase  in grain size w as p resen t in the  super lateral 
growth (SLG) region just after the low energy density region. However, no clear 
threshold w as se en  with multiple pulse crystallisation to achieve a grain size in 
ex c ess  of 1 jj.m. This show ed that a m ore uniform and controllable p rocess could 
be achieved with small packets of low laser energy density. This could be a result 
of either super sequential lateral growth (SSLG) or a hybrid su p er sequential lateral 
solidification (SSLS) and SLG within the film that gave rise to this accelerated
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growth on the seeding  layer crea ted  by the  previous laser pulse. A m ore detailed 
discussion Is p resen ted  In section 6.1.
5.1.2 Investigation of surface morphology during iaser 
crystaliisation
T he aim of this work is to find a  correlation betw een surface morphology and the 
nucléation taking place during the  laser crystallisation p rocess. T he surface of the 
laser crystallised silicon Is usually roughened during the crystallisation process. 
This rough surface could be a  problem w hen trying to fabricate devices. A m ore In 
depth understanding of this roughening m echanism  would help In better controlling 
this problem. In our case , this surface m orphology helped us In determining 
w hether the field em ission m echanism  Is surface driven or not. Furtherm ore, the  
effect of doping and metal Induced lateral crystallisation (MILC) In laser 
crystallisation has  not been  widely researched . It could be that laser crystallisation 
Is a  p h ase  changing p rocess Involving high tem pera tu res with short quench  times. 
Therefore, any seed ing  effects or crystallisation preventing factors should not 
m atter too much. It Is In our Interest to Investigate the  effects underlying m etals and 
doping have on the resultant structure, su rface and the field em ission properties.
Intrinsic and doped a-S:H sam ples, 100 nm thick, w ere used  In this experim ent. 
The Intrinsic sam ples w ere deposited  on several different types of metal with a 
th ickness of 100 nm on Corning 7059. The m etals used  w ere m olybdenum  (Mo), 
aluminium (Al), chromium (Or) and titanium (Tl). The doped a-SI:H had different 
doping levels for both n and p type sam ples, a t 300 vppm, 3000 vppm and 30000 
vppm. Both se ts  of sam ple w ere then  laser crystallised using a  532 nm wavelength 
with 10 pulses at an energy density of 70 mJ/cm^.
R am an spectroscopy w as used  to find crystal structure differences In the  sam ples 
and to Investigate the  effect underlying metal and the  dopan ts  had  on the  resultant 
crystallised silicon. Atomic force m icroscope (AFM) w as em ployed to Investigate 
the  surface morphology of the  Irradiated surface to help arrive a t an explanation of
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its formation. Figure 5-7 show s the sam ples of Si with different metal, crystallised 
using the laser. Any structural disorder in the crystallised film investigated would be 
based  on th ese  R am an spectra.
Prior to any in-depth surface analysis, optical microscopy in reflective m ode w as 
used  to investigate the crystallisation profile. The optical m icroscopy (in Figure 5-6) 
show ed that the crystallisation a re a s  w ere different from one another even  though 
they w ere crystallised using the sam e  laser beam  profile. Within the crystallisation 
area, it w as se en  that there  w ere different ring regions inside the sam ple with 
aluminium a s  its underlay material, w here there  w as only two in the  sam ple with 
chromium. The m ost uniform profile w as for the sam ple with titanium. This show s 
that the underlay m etals w ere affecting the resultant crystallised silicon. Therefore, 
several points of m easurem ent w ere usually taken to determ ine an average  when 
there  is any variations from the results obtained from the sam e  sam ple.
A. #
Figure 5-6 Crystallised a-Si:H on (a) aluminium (b) chromium and (c) titanium.
The R am an results w ere taken at the centre of the crystallised a re a  to investigate 
the area  that w as treated  with the maximum laser energy density and also to be 
consistent with the investigation. The R am an spectra  taken from th ese  a re a s  are  
shown in Figure 5-7.
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Figure 5-7 Raman spectra obtained for samples with different underlying metals.
It is possible to find the crystalline fraction and the average  grain size from the 
R am an spectra  in Figure 5-7. The crystalline fraction is obtained by using the least 
square  fitting method. The TO (transverse optical phonon) m ode spectra  were 
decom posed  into three peaks, a  crystalline peak  at 520 c m '\  an am orphous peak 
at 480 c m '\  and an interm ediate peak at 510 c m '\  The interm ediate peak is 
cau sed  by the size effect of crystalline p h a ses  sm aller than 10 nm. The crystalline 
faction, Xc, w as determ ined by Equation 5.1(127,128].
% = (4 + / JUc + L + <^ U Equation 5.1
w here Ic, U, and L  are  integrated intensities of the crystalline, am orphous and 
interm ediate peaks, respectively, and a is the  ratio of integrated R am an cross 
section for am orphous p h ase  to crystalline phase.
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The ave rag e  grain size (D) w as determ ined [129] from the R am an shift from,
B 1D  =  2rr(-— y  Equation 5.2Aiu
w here B = 2.0cm ‘^ nm^, relating the  R am an shift (Am) of the  largest intensity peak 
ascribed to the  jo,c-Si:H from 520 c m '\  which corresponds to the  main peak (TO) of 
crystalline silicon.
B ased  on Equation 5.1 and Equation 5.2, the  crystallisation fraction and the grain 
size could be determ ined and they are  tabulated  in Table 5.1.
Type of Underlay Metals Ti Cr Mo Al
Thermal Conductivity (Wm‘^ K‘ )^ 22 94 139 235
R am an Shift (cm‘^ ) 4 5 4 3
Grain Size (nm) 4.4 4.0 4.4 5.1
FWHM (cm’"') 10.3 11.3 10.4 9.2
Crystalline Fraction 0.7 0.4 0.6 0.9
Table 5.1 The result obtains from Raman Spectrum in Figure 5-7.
From the  results shown in Table 5.1, a  higher d eg ree  of crystallinity and the  largest 
grain size is p resen t in Al sam ple than in the rest. This result a g re e s  with FWHM in 
the  spectrum , which ge ts  narrower w hen the film is m ore crystalline. However, the 
properties of the  metal in term s of their therm al conductivity show ed there  w as no 
absolute relationship betw een the resultant grain sizes. The results p resen ted  are  
in d isag reem en t with the heat argum ent proposed by Im [47] stating that slowing 
the cooling rate would allow the material to stay  in high tem perature, which would 
result in large grain silicon. This w as obviously not true in our ca se , the  sam ple 
with Al a s  Its underlay metal Is the  m ost crystalline with the largest grain size, but Al 
has  the  highest therm al conductivity am ong the four m etals. This m eans the silicon
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on Al will experience the s te e p e s t therm al gradient. This w as again shown in the 
sam ple with Mo a s  its underlay metal w here the crystallised silicon w as more 
crystalline with bigger grains than the sam ple with Cr a s  its underlay metal, even 
though the therm al conductivity of Mo w as 30% more than Cr. This su g g ests  that 
the grain size and the crystallinity of the material relate m ore to the  type of silicide 
that form depending on the underlay metal used. T hese  effects w ere similar to 
those  found in metal induced lateral crystallisation by therm al crystallisation.
Another interesting finding is shown in the morphology of the sam ples investigated 
by AFM shown in Figure 5-8, which did not show a clear trend. The surface 
morphology of Ti and Cr sam ples had a 'valley-like' structure w hereas Mo gave a 
'lump-like' structure and Al had a combination of 'valley-like' and lump-like' 
structure. Their roughness did not vary much a s  the root m ean square  roughness 
(rms) for all of them  is around 4.69 nm. At first sight, the surface morphology of the 
crystallised silicon with m olybdenum a s  the underlay is distinctly different from the 
rest.
50.0 IM
0 . 0  ON
Figure 5-8 The crystallised silicon with underlay (a) Aluminium (b) Titanium (c) 
Molybdenum and (d) Chromium.
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The 'valley-like' surface morphology can  be explained using the  Mei et.al. theory 
[68] w here during this laser energy  irradiation, significant m ass  transport tow ards 
the  grain boundaries occurs, forming shallow valleys betw een the grains and large 
hillocks at the  boundaries. This behaviour is consistent with the  fact that the  grains 
solidify first and the  melting point of a-Si:H is about 20%  lower than  that of 
crystalline silicon. The surface roughening occurred via the  freezing of capillary 
w aves excited in the silicon melt. This led to a  volume change of the  silicon during 
solidification, sufficient to crea te  a  capillary w ave with liquid silicon being driven 
toward the  last a re a  of solidification. The grain boundaries and  vertices, which 
typically are  the  last to freeze during lateral grain growth, have accum ulated  silicon 
due  to the action of the  expanded  solid material on the rem aining (denser) liquid 
material. A 10% density change betw een solid and  liquid p h a se s  of silicon (2.53 
g/cm^ for liquid Si and 2.30 g/cm® for solid Si [68] ) provides a  driving force for the 
creation of th ese  capillary w aves.
Solidifying silicon would expand and exert a  positive force on the  ad jacent melt. 
M echanical excitation occurred both during melting and during freezing. However, 
the  viscous effects sug g est that the  freezing excitation would have the  predom inant 
effect on film morphology. Several melt fronts would have been  converging upon 
solidification, with the liquid silicon forming into a  sharply peaked  bump. This is not 
true for the  surface morphology with Mo a s  its underlay metal, w here the surface 
has  a  ‘lump-like’ structure, which is not what Mei et.al. [68] found stating the surface 
protrusion is the grain boundary.
In order to find out if the ‘lump-like’ structures w ere indeed grains for the sam ple, 
they w ere checked  with the R am an results in Table 5.1. In the  AFM picture, the  
length betw een two peaks in a  ‘valley’ is found to be 650 nm (Al), 710 nm (Ti) and 
625 nm (Cr) in Figure 5-8 a, b and d respectively. If th ese  structures w ere the grain 
sizes a s  predicted by the theory above, the  average  grain size found from the 
R am an spectrum  w as far too small for it to be true. However, the  lump-like 
structure in both the Al and Mo films w as found to be around 20 nm for both 
sam ples, in closer ag reem en t with the  average  grain size obtained from the  Ram an
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spectrum . This show s the ‘lump-like’ structure could be the grain at the surface of 
the film. This ‘lump-like’ surface structure is commonly se en  on a sam ple that is 
crystallised at higher laser energy and also others using excim er laser in UV 
w avelengths [47].
The structural fea tu res here are  'lump-like' rather than ‘valley-like’ grain boundaries 
and this is likely to be due to the  different surface tension experienced by the 
am orphous films. Although the p rocess param eters for the  sam ples are  the  sam e  
throughout, the  likely c a u se  of this different surface tension is the  nucléation 
p rocess during the  laser crystallisation process. K assner et.al. [130] did a study on 
the therm al and m echanical stability of m olybdenum and am orphous silicon (Mo/a- 
Si) optical multilayers (3 and 4  nm nominal th ickness of Mo and Si) a t 316°C w ere 
studied by annealing experim ents. It is found that a  significantly residual s tre ss  
changed  in the crystalline Mo and am orphous Si layers with annealing. From his 
experim ental da ta  on the crystalline Mo revealed that tensile s tre s se s  increased 
from 2 to about 10 G Pa in the  lateral direction (parallel to the  interface plane). The 
com pressive strains that developed in the vertical direction (perpendicular to the 
interface plane) are  consisten t with P o isson 's ratio. A thicker am orphous silicon 
layers using laser deflectom eter m easu rem en ts m ay indicate com pressive-stress 
relaxation in the  am orphous silicon with annealing.
In additional to this, there  is evidence to indicate Al inclusion into the silicon has 
occurred during the  laser crystallisation. S tuctures that looked like molten 
aluminium w as found at the interface of the  silicon after silicon etching, and this is 
shown in Figure 5-9. The interface tem perature is commonly known to reach a 
tem perature  of approximately 1000°C [42] and the aluminium melting tem perature 
is only about 600°C. It is not uncom m on to find metal inclusion during therm al 
crystallisation. Bokhonov et.al. [131] had shown the formation of m etastab le  
am orphous metal silicide at the a-Si:H/Ai interface. H ague et.al. had reported that 
interaction of Al with a-Si;H is initiated at a  tem perature of 150°C [27]. Therefore, it 
could be assum ed  that a  silicide had been  formed at the interface. This could have 
implications on the field em ission results, which is d iscussed  in section 5.1.3.
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Ifirn
Figure 5-9 A picture taken with SEM on the aluminium surface after silicon etching.
The above observations on the effect that different underlay m etals m ay have on 
the laser crystallisation p rocess In term  of crystallised structure, surface morphology 
and silicide formation at the  a-Si:H/metal interface are  very interesting. With 
different underlay m etals, the  seeding effect could result in a m ore crystalline 
structure with larger grain size. The s tre ss  created  by different nucléation within the 
thin film caused  by different underlay metal results in a very different surface 
morphology. The formation of silicide at the a-Si:H/metal interface would be 
considered during our analysis of their field em ission properties.
D opants in a-Si:H have also been  known to have an effect on thermal 
crystallisation. However, this research  has  not been  ex tended  to laser 
crystallisation. It would be interesting to find out if the doping would have similar 
effects a s  it had on therm al crystallisation or otherwise.
S e ts  of a-Si:H sam ples with various levels of doping w ere created . The doping 
used  w as phosphorus and boron. The doping level used  for each  type w as 300 
vppm, 3000 vppm and 30 000 vppm. They w ere created  using standard  PECVD 
and the substra te  used  w as a hundred nanom eters of Cr on Corning 7059. The 
R am an spectra  taken on films with the sam e  post deposition conditions are  shown 
in Figure 5-10.
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Figure 5-10 The Raman spectrum taken from sample with different level of doping 
with laser crystaliisation carried out on them.
Using Equation 5.1 and Equation 5.2, the analysis of the results from the Ram an 
spectrum  is presen ted  in Table 5.2.
Type i n n+ n++ P P+ P++
R am an Shift (cm’ )^ 5 9.49 9.49 10.55 7.38
Grain Size (nm) 3.97 2.88 2.88 2.73 3.27
FWHM (cm ') 11.3 12.7 13.6 15.8 12.5
Crystalline Fraction 0.4 0.1 0.08 0.05 0.3
Table 5.2 The analysis results for samples with various doping levels.
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The R am an spectra  in Figure 5-10 show ed similarity to the  results of Khalifa et.al. 
[135,136] who reported da ta  for therm al crystallisation. The spectra  in the 
phosphorus-doped sam ples broaden and shift away from the  crystalline peak  
(520cm ') a s  the doping level is increased. The numerical results in Table 5.2 
confirm this; both the crystalline factor and grain size d e c re a se  proportionally with 
increased  levels of phosphorus doping. Khalifa et.al. [135,136] show ed that the  
phosphorus content slows down the crystallisation rate. Therefore, an  increase in 
phosphorus could result in a  slow er crystallisation rate, with the crystallisation 
fraction decreasing  with increased  phosphorus a s  se en  in Table 5.2. It is very 
interesting to note that the  boron-doped sam ple is similar a s  the  level of boron 
doping increases; the resultant "crystallised" sam ple is m ore am orphous. It is 
shown in the R am an spectra  of the  boron doped sam ple, a  larger R am an shift and 
broader peak is present. The numerical result in Table 5.2 also show s that the 
crystalline factor and grain size is sm aller a s  com pared with the  intrinsic sam ples. 
The R am an spectra  in the p"" film show s a plateau at around 480 cm ', which is the  
signature for an am orphous (silicon) peak, m eaning that at high concentration an 
am orphous structure is p resen t in the film. The R am an spectrum  in the  p"”* film did 
not show  any peak  at 520 cm '. B eserm an et.al. [132] had reported that the  boron 
concentration within the film is directly proportional to the  crystallisation onset 
tem perature. Laser crystallisation is the  result of a  few diffusion-like jum ps (v«5-10) 
per atom  from the m etastab le  a-Si:H toward a m ore stab le and  orderly position to 
achieve a lower free energy sta te . The diffusion-like jum ps of Si a tom s are 
genera ted  by short-lived large energy fluctuations [150-152]. The two types of free 
carriers existing a re  non-equilibrium photo-induced free carriers and  the equilibrium 
carriers introduced during growth. In laser crystallisation, the  jum p probability per 
atom  is enhanced  by the ass is tan ce  of non-equilibrium mobile carriers, however, 
the  photo genera ted  electrons recombining with the  holes p resen t in the  boron 
doped a-Si:H c a u se s  the  crystallisation tem perature to increase. This ag re e s  with 
our result. The higher concentration of boron in our film gives a  m ore am orphous- 
like nature showing that the  laser energy density is not sufficient to crystallise the 
film.
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The ana ly ses of the various doped sam ples show ed that the  dopant impurities in a- 
Si:H have affected the resultant crystallised m icrostructure, which is in close 
ag reem en t with others working in this field [132,135,136]. In the  following section, 
the  sam ple field em ission properties is collated and analysed.
5.1.3 Field emission from Nd:YAG samples
The aim of this work is to explore the  different surface effects, different underlay 
m etals and different m icrostructure m entioned in the previous section to find the 
main field em ission m echanism  of th ese  crystallised sam ples. T he investigation on 
sam ples with different metal underlay would dem onstrate  that the  variation in the  
field em ission da ta  m ay be due  to a  geom etric field enhancem en t (sharp  ed g es  on 
the  surface) or due to interaction with the underlay metal or a  silicide created  at the 
m etal silicon interface. The investigation on various doped sam ples would show if 
the  extra electrons in n-type or extra holes in p-type sam ples would en hance  or 
hinder the  field em ission.
The field em ission properties from th ese  sam ples w ere m easu red  using an in- 
house  field em ission m easuring system  at the  University of Surrey. It used  a probe- 
testing m ethod w here a sta in less steel ball is su spended  over the  sam ple to do the 
field em ission m easurem ents. The details a re  described in section 4.1.9. The field 
em ission thresholds from the sam ples with different underlay m etals are  shown in 
Figure 5-11.
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Figure 5-11 The field emission threshold on samples with different metal underlay.
The sam ple with Al a s  its underlay metal had the  lowest field em ission threshold 
and the sam ples with Mo and Ti a s  the  underlay metal show  very similar results. 
The sam ple with Cr a s  the  underlay metal w as just slightly higher than  that reported 
for Mo and Ti. The field em ission data  is re-plotted a s  a  F-N plot a s  shown in 
Figure 5-12.
In Figure 5-12, the  gradients and y-intercepts can be easily determ ined using a 
linear line approximation method. The p factor and em ission a rea  can in turn be 
determ ined from the gradient and y-intercept using Equation 3.3. The results a re  
tabulated in Table 5.3. Although a relatively straight line can be approxim ated from 
the graph in Figure 5-12, there  a re  still non-linear regions. This non-linearity had 
been  reported by others working on graphite nanofibers [85] and multi-walled 
carbon nano tubes [133,134] and has been  attributed to the  non-uniformity of the 
em ission surface. However, the  F-N plot for the  sam ple with Al a s  its underlay 
metal show s two distinct gradients. This could be attributed by the a tom s structural 
changes within the silicon that c a u se s  a  change in the  p factor at high fields. Part B 
(blue line) of the  gradient in the  F-N plot for the  sam ple with Al a s  its underlay metal 
is u sed  to derive the  p factor in Table 5.3. This p factor lies at the  field (low field)
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when the electron em ission field starts. Therefore, it is responsible for initiating the 
field em ission for the sam ple with Al a s  its underlay m etals. The geom etric p factor 
can be approxim ated using the height divided by radius of the tips. The height and 
the width of the tips could be easily found using the custom  software that com es 
with the AFM system  is shown in Figure 5-8 and the results a re  tabulated  in Table 
5.3.
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Figure 5-12 Fowler Nordhelm plot for field emission data from the samples with
different underlay metals.
Underlay Metals Al Mo Ti Cr
Calculated p factor from the F-N 
plot. (Work function = 4.52 eV)
328 328 328 109
Calculated em ission a rea  (cm^) 4.09x10^1 3.26x10-25 1.87x10-2® 2.22x10-15
Radius of the tip (pm) 0.09 0.20 0.15 0.09
Height of the tip (pm) 0.90 0.80 0.85 0.80
Calculated p factor with h/r [88] 10.0 4.0 5.7 8.9
Table 5.3 Measured and calculated field emission properties for the Nd:YAG laser 
treated a-SI:H films with different underlay metals.
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Tab le 5.3 show s the calculated p factor and em ission a re a  b ased  on F-N plots and 
also the  p factor calculated from the physical height and width obtained from the 
AFM data. It is very interesting to note that the p factor obtained from the F-N plot 
is m uch larger than the one obtained by the  calculation from the  tips physical height 
and width. This could very well m ean that the majority of field enhancem en t 
experienced by the film did not arise from the surface geom etric structure, but an 
additional field enhancem en t factor is p resen t and is reflected in the  F-N plot data. 
Furtherm ore, for the p factor calculated from the  surface morphology, Al had the 
highest value (10) and this is in ag reem en t with the  m easured  lowest field em ission 
threshold. But, Cr that has  the  second  highest geom etric p value gave the worst 
field em ission threshold am ong the  four. T hese  results show ed that the  surface 
morphology Is not the main driving force in the  field em ission m echanism  in with our 
films.
The field enhancem en t could originate from the surface, m icrostructure, back 
contact or a  combination of all of them . The trend of the field em ission threshold 
did not follow the surface morphology. Additionally, Table 5.3 show s the p factors 
obtained from the  F-N plot a re  far higher than  the calculated p factors from the 
surface morphology. This could indicate that the field enhancem en t factor that 
contributed to the low field threshold d o es  not com e from the surface alone but from 
a combination of the  structure and back contact a s  well. This is further exam ined in 
section 6.2.
It is also reasonab le  to expect that the  doping would have an  effect on the  field 
em ission threshold due to the  changes in the conductivity in the  silicon film. This 
would not only have an implication on the  crystallised structure, a s  m entioned in 
section 5.1.2, but would also  alter the  energy band bending at the  metal/silicon 
interface a s  well a s  in its bulk. In order for u s to find the optimum p rocess condition 
to field emit from th ese  crystallised sam ples, doped sam ples w ere exam ined for 
field em ission threshold. The field em ission threshold obtained from th ese  films is 
shown in Figure 5-13.
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Figure 5-13 Field emission threshold of samples with different doping levels with 
chromium as its underlying electrode.
The n type sam p le  gives the lowest threshold and the p++ sam ple gives the highest 
threshold. Although the  intrinsic sam ple show s a slightly higher threshold than  the 
p type sam ple, the result is within the  error bars. This trend follows that commonly 
reported for field em ission from c-Si [137]. However, taking into consideration the 
silicon structure of th ese  sam ples a s  investigated in section 5.1.2, the  n-type 
sam ple had a sm aller grain size and crystalline fraction a s  com pared to the  intrinsic 
sam ple. This could imply that a  m ore crystalline structure might not necessarily  
give a lower field em ission threshold. The electrons in the  metal could overcom e a 
m etal/n-type silicon energy barrier m ore easily so  m ore e lectrons could be 
transported  from the metal into the  silicon to be emitted to the  vacuum . This might 
contribute to the  n type sam ple for having a lower threshold. However, all the 
sam ples investigated here had Cr a s  its underlay metal, with the assum ption that all 
the sam ples have the  sam e  effect from the back contact on their field em ission 
threshold in term  of silicide formation. The energy band difference betw een the 
silicon/chromium interface is unique to each  sam ple. This is d iscussed  further in 
section 6.2.
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The F-N plots b ased  on the field em ission from Figure 5-13 is plotted in Figure
5-14, w here the gradient and y-intercept are  determ ined using a linear
approximation. The p factor and em ission a rea  can in turn be determ ined from the 
gradient and y-intercept using Equation 3.3. The results are  tabulated  in Table 5.4, 
and work function is assum ed  to be the theoretical 4.52eV  in calculating both p
factor and em ission a rea  values for all sam ples.
The geom etric p factor could be approxim ated using the height divided by radius of 
the  tips. The height and the width of the tips could be easily found using AFM and 
the results a re  tabulated in Table 5.4.
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Figure 5-14 Fowler Nordhelm plot for field emission data from the samples doped at 
different levels with chromium as Its underlay metal.
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Doping i n P p+
Calculated p factor from the  F-N 
plot. (Work function = 4.52 eV)
328 1310 328 219
Calculated em ission a rea  (cm^) 2.22x10'^® 4.77x10-29 1.61x10-29 7.31x10-22
R adius of the tip ()Lim) 0.09 0.10 0.10 0.08
Height of the  tip (pm) 0.80 0.30 0.45 0.45
Calculated p factor with h/r [88] 8.9 3.0 4.5 5.6
Table 5.4 Measured and calculated field emission properties for the Nd:YAG laser 
treated doped a-SI:H films with Cr as the back contact.
From the  trend in the  calculated p factor obtained from the F-N plots, it is logical 
that n type sam ple will have the lowest field em ission. However, if the  beta  factor is 
determ ined from the surface geom etry above, this may not be true. The n-type 
sam ple has  the  lowest geom etric p factor shown in Table 5.4. From th ese  results, it 
is apparen t that the surface is not the  single driving force for electron em ission from 
our sam ples. There is likely to be a combination of back contact and structural 
fea tu res that gives rise to the enhancem en t observed in our field em ission results, 
or, the em ission cannot be explained using the Fowler Nordhelm em ission model. 
This is d iscussed  m ore extensively in section 6.2.
5.2 Excimer laser crystallisation of a-SI:H
In section 5.1, we reported how Nd: YAG laser crystallised sam ples show  very 
interesting field em ission results, and we now extend this study to field em ission 
from excim er laser crystallised sam ples. The reason  for using excim er lasers  at UV 
w avelengths is b e cau se  It is now a  standard  tool in the  display industry and there is 
a  rich knowledge b ase  available on UV crystallisation that would help in the
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analysis. Therefore, we hope to find the  best conditions for field em ission from UV 
laser crystallised sam ples. The investigation would be on surface morphology, 
back contacts and on different doping levels.
The work on excim er laser crystallisation w as carried out a t the  Philips R esearch  
Laboratory a t Redhill w here the sam ples w ere grown by PECVD at 250 °C with 200 
seem  of H2  and 100 seem  SiH4  g a s  mixture. The deposition rate  w as 10 nm/min. 
The layer is expected  to have 8 at. % hydrogen. The post-deposition laser 
crystallisation p rocess w as done with a  KrF pulse laser treatm ent at a  wavelength 
of 248 nm at a  frequency of 20 Hz with a scan  rate of 2 m m /s over the  length of the 
sam ple to produce a strip of width 4  mm. Sam ples with a  uniform a-Si:H th ickness 
of 100 nm w as used  throughout our experim ents for the laser crystallisation.
5.2.1 Relationship between field emission threshold and surface 
morphology with siiicon on molybdenum
The aim of this experim ent is to establish w hether the surface is the  main driving 
force for electron field em ission from our sam ples that w ere laser crystallised with 
an excim er laser with UV w avelength irradiation. Although sam ples that w ere laser 
crystallised in the  visible w avelength show ed the surface had little effect on the  field 
em ission threshold, it w as essential to re-establish this for sam ples crystallised at 
UV w avelengths a s  both m ethods could lead to different crystallisation p ro cesses  
and growth m echanism s a s  mention in section 5.1.1.
R am an spectroscopy w as used  to find crystal structure differences in the  sam ples 
and to investigate the  effect of the underlying metal on the resultant crystallised 
silicon. Atomic force m icroscopy (AFM) and scanning electron m icroscopy w as 
em ployed to investigate the  surface morphology and to calculate the  geom etric p 
factors. The field em ission properties from th e se  sam ples w ere m easu red  using an 
in-house field em ission m easuring system  at the  University of Surrey. A probe- 
testing m ethod w as used  w here a sta in less steel ball w as su sp en d ed  above the
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sam p le  to do the field em ission m easurem ents. The detail is described  in section 
4.1.9.
As d iscussed  in section 3.1.3, standard  laser param eters (laser energy and 
wavelength) are  used  for crystallisation with different p ressu re  and environm ental 
conditions. This gives rise to variation in surface morphology. S am ples p rocessed  
using a  248 nm excim er laser with molybdenum  a s  its underlay m etal had p rocess 
environm ents of;
1. O 2  environm ent at atm ospheric p ressu re  with laser energy densities of 184, 
223, 241 and 259 mJ/cm^.
2. 1 .5 x 1 0'^torr with laser energy density of 182, 220, 248 and  260 mJ/cm^.
3. A tm ospheric p ressu re  with energy density of 179, 204, 221, 235, 241 and 
263 mJ/cm^.
The variation in the  laser energy density used  w as about 2%. This variation is too 
small to have any significant effect on the crystallisation structure. The roughest 
su rfaces in th ese  sam ples w ere those  crystallised in oxygen and the sam ple 
crystallised in rough vacuum  had the sm oothest surface. Figure 5-15 show s the 
AFM results taken  on sam ples crystallised in vacuum  with an energy density of 220 
mJ/cm^, 248 mJ/cm^ and 260 mJ/cm^. The surface m orphology of the sam ples 
crystallised in oxygen w as very rough, and the AFM m ethod had problem s in 
imaging th ese  surfaces. S ince the geom etric p factor could be taken a s  h/r, w here 
h is the height of the em itter and r is the  width of the em itter [88], the  surface 
fea tu res of th ese  sam ples should give som e surface geom etric enhancem en t 
during field em ission testing. However, both se ts  of sam ples show ed an em ission 
threshold to be at around 90 V/pm, which is too high for electron field em ission and 
m ore likely to be a vacuum  breakdown condition. However, the  sam ple crystallised 
at an energy density of 204 mJ/cm^ in air em its at low field.
The sam ple crystallised in oxygen had the roughest surface. The peaks and 
troughs will result in a  higher geom etric p factor but the em ission threshold is much 
higher than the sam ple crystallised in air. This su g g ests  that the  field em ission
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do es not depend  on the su rface morphology. The difference in the  field em ission 
threshold from the sam ple crystallised in different conditions could only be the result 
of the different oxygen content at the  silicon during the laser crystallisation. The 
different oxygen content at the surface will affect the cooling rate and the oxide 
thickness at the surface. This would crea te  different surface structures on the 
sam ple surface that would influence the field em ission threshold. This is d iscussed  
further in section 6.3.1.
The electron field em ission threshold from the sam ples crystallised in vacuum  and 
oxygen is too high to be useful in any device applications. Therefore, the  em phasis 
of this investigation w as directed to sam ples crystallised in air at atm ospheric 
pressure.
i
. . .  !
Figure 5-15 AFM result obtain from samples crystallised In rough vacuum of 1.5x10 
torr at an energy density of (a) 220mJ/cm2 (b) 248mJ/cm2 (c) 260mJ/cm2.
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The sam p le  crystallised in air under atm ospheric p ressu re  gave a good em ission 
threshold a s  shown in Figure 5-16. The num ber of data  points in Figure 5-16 has 
been  reduced for clarity purposes.
Ë
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Figure 5-16 Emission current as a function of macroscopic electric field for a-SI:H 
films treated with different excimer laser energy densities.
Figure 5-16 show s that the rate of change in the gradient of the  slopes is different 
for each  film. The s te e p e s t slope and lowest em ission threshold is from the film 
with an a rea  irradiated by an energy density of 204 mJ/cm^ w hereas the  highest 
em ission threshold is from the film with an a rea  irradiated by an energy density of 
263 mJ/cm^. This show s that the  em ission threshold d ep en d s on the energy 
density that is used  to crystallise the sam ple. This is a  very interesting result, 
w here the current densities and threshold field in the sam ple trea ted  with laser 
energy in UV w avelength at 204 mJ/cm^ is suitable for display applications, and 
compatible with m odern CMOS drivers.
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T hese  results point toward the film irradiated with 204 mJ/cm^ having the lowest 
em ission threshold field. A stable and reproducible em ission from the irradiated 
surface with the laser energy density of 204 mJ/cm^ with no evidence of 
conditioning or hysteresis is shown in Figure 5-17. This su g g ests  no breakdown 
within the film w as necessary  before a continuous electron em ission w as 
established. This is in contrast to the em ission observed from unconditioned flat a- 
Si:H films, which is usually associa ted  with a large hysteresis and an initiation field 
which is always required before stable em ission is obtained [138]. The field 
em ission observed is similar to those  reported for Si tips [137].
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Figure 5-17 Current-field characteristic for the film treated with an energy density of 
204 mJ/cm^ with four emission cycles showing the absence of a conditioning phase
or any significant hysteresis.
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The Fow ler Nordhelm (F-N) plot based  on the data  shown Figure 5-16 is given in 
Figure 5-18. The relatively straight-line plots might at first sight suggest that the 
electron em ission is controlled by a quantum  m echanical tunnelling p rocess [139]. 
The enhancem ent factor p calculated from the F-N plots, taking the silicon work 
function to be 4.52eV, is found to be 656, with a field em ission threshold of 15 V/pm 
for the  film treated  at 204 mJ/cm^. If the work function is taken to be 3.6eV instead, 
which is used  in Au et.al. [139] report on silicon nanowires, the p factor is 467 (film 
treated  at 204 mJ/cm^). Both the p factor and the field threshold are  very close to 
that sta ted  in the  silicon nanowire report (P factor is 465 and field threshold is 15 
mJ/cm^), despite the silicon nanowire physical and m icrostructure being completely 
different with ours. A closer exam ination of the data  show s a non-linear curve, 
which has  been  seen  and reported by others working on graphite nanofibers [85] 
and multi-walled carbon nano tubes [133,134]. This may be attributed to non­
uniformity in the  em ission surface. The less sharp  tips would emit only when the 
electric field is high enough to be able to sustain  the increasing em ission current. If 
a Fowler-Nordheim type em ission m echanism  is assum ed , p factors calculated 
using the best com puter fit are  shown in Table 5.5, using a work function of 4.52eV.
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Figure 5-18 Fowler Nordhelm plot based on data In Figure 5-17.
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The relatively straight-line plots in our F-N plots show  that the  surface morphology 
could be driving the field em ission in the sam ple. According to A m aratunga et.al. 
[140], if the field em ission is dom inated from the surface and not back contact, the 
changing of the vacuum  gap  should not alter the em ission threshold. This is 
b ecau se  the changes in vacuum  gap  will likely change the energy band bending at 
the back contact. Therefore the field em ission data  shown in Figure 5-19 is taken 
from the sam ple irradiated with an energy density of 204 mJ/cm^, for different 
vacuum  gaps. It show s the em ission p rocess to be largely independent of the 
anode to cathode distance, and to be related only to the  applied field. The 
independence of the  field em ission threshold with vacuum  gap  m ay at first sight 
sug g est that bulk material properties and sp a ce  charge do es  not take  part in the 
field em ission process.
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Figure 5-19 The field emission for films treated with a laser energy density of 
204mJ/cm^ for different vacuum gaps.
It is essential to investigate the surface morphology of th ese  sam ples to find their 
geom etric p factors. A field em ission gun scanning electron m icroscope (FEG-
82
Experimental Results
SEM) w as used  to investigate th ese  su rfaces and the results a re  shown in Figure 
5-20.
Relatively sharp  tips w ere observed on the surface crea ted  during the laser 
crystallisation process, which w as well docum ented [68] and a detailed discussion 
is given in section 3.1.3 and section 5.1.2. The structure from the SEM 
m icrographs in Figure 5-20 and Figure 5-21 show s som e correlation. The surface 
morphology of sam ples treated  with an energy density of 179 mJ/cm^ show s no 
surface texture that can be picked up by the SEM w hereas the  sam ple treated  with 
an energy density of 204 mJ/cm^ show s d en se  and relatively sharp  tips a s  
com pared with the rest. The surface treated  with an energy density of 204 mJ/cm^ 
could c rea te  an im provement in the  geom etrical p factor for field em ission from the 
crystallised a-Si;H film. Both the p factors calculated from the F-N plot and the 
surface morphology im aged by the SEM is tabulated in Table 5.5.
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Figure 5-20 SEM micrograph taken with the sample treated with energy densities of 
(a) 179mJ/cm^, (b) 204 mJ/cm^, (c) 221 mJ/cm^, (d) 235 mJ/cm*, (e) 241 mJ/cm^ and (f)
263 mJ/cm^.
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Figure 5-21 SEM micrograph taken with the sampie tilted at 45° to the plane for films 
treated with energy densities of (a) 179mJ/cm^, (b) 204 mJ/cm*, (c) 221 mJ/cm\ (d) 
235 mJ/cm*, (e) 241 mJ/cm' and (f) 263 mJ/cm*.
In Tab le 5.5, the enhancem ent factor based  on geom etric considerations for sam ple 
treated  with an energy density of 204 mJ/cm^ is only 3 and it is alm ost the sam e a s  
the rest of the sam ples. Although the geom etric p factor is alm ost the  sam e  for all 
the sam ples, the am ount of tips per unit a rea  is clearly m ore in the  sam ple treated 
with 204 mJ/cm^. It is clear that the  geom etric enhancem en t p factor do es  play a 
role in this field em ission process. However, it may not be the only or main factor 
that controls the low threshold em ission, a s  there  are  large d iscrepancies betw een 
the p factor calculated from the F-N plot and the p factor calculated from the 
estim ated height (h) and radius (r) of the  tips from the SEM m icrographs using the 
formula [88], p=h/r. The ratio is b ased  on the tallest average  tips (ignoring the short 
tips), a s  th ese  featu res will dom inate the em ission, and the height is obtained from 
the SEM picture with the sam ple with the highest p factor tilted at 45°. The width is
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taken directly from the  plane view SEM. Oval fea tu res a re  ignored in the 
calculation a s  th ese  tips will be slanted and thereby have lower p factors. The p 
factor that is calculated from the electrically controlled F-N plot has  a  much higher 
value, a s  shown in Table 5.5. The ratio difference betw een the  two p values show s 
a  large step  for the  sam ple irradiated with 204 mJ/cm^. The large difference 
betw een the  p factors calculated from the  F-N plot and the  p factor calculated from 
the surface feature indicate the  field enhancem en t does not com e solely from the 
surface morphology. It m ay su g g est an  internal field enhancem en t p rocess 
dom inated by the  material properties has  greatly en hanced  the  em ission. 
Furtherm ore, the em ission a rea  that is calculated from the F-N plot shown in Table 
5.5 is unrealistically small.
Energy Density (mJ/cm^) 204 221 235 241 263
Calculated p factor from the F-N plot. (Work 
function = 4.52 eV)
656 219 328 164 164
Calculated em ission a rea  x (10'^^ cm^) 2.2 2.0 2.7 5.3 8.3
Radius of the tip (pm) 0.12 0.18 0.12 0.18 0.18
Height of the  tip (pm) 0.33 0.45 0.45 0.43 0.34
Calculated p factor with h/r [88] 2.75 2.5 3.75 2.38 1.89
Table 5.5 Measured and calculated field emission properties for the excimer laser
treated a-Si:H films.
The above analysis show s the surface morphology contributing to the  field em ission 
from our laser-crystallised sam ple, but it is a  localised field enhancem en t within the 
film that is the main reason  for low threshold field. It is comm on to find Mo diffusing 
into Si during therm al annealing [141] and the high tem perature  during the laser 
crystallisation could have allowed Mo to diffuse to the  surface the silicon. RBS w as 
u sed  to find out if there  w as any diffusion of Mo onto the  surface of the  film.
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F igure 5-22 show s three spectra  (A7mo1, A7mo2, A7mo3) collected from three 
different spo ts and they are  superim posing onto the spectrum  (Acal) of a sam ple 
(Au/Ni/Si02/Si) for calibration purpose. It is noted that the Si signal (Acal) show s a 
low energy-shifted 3 of 4 channels com pared to the  Si signal from our sam ple 
spectra  (A7mo1, A7mo2, A7mo3). This indicates that the surface of our sam ple is 
silicon. Since the th ickness of the  different layers of the  calibration sam ple is 
known, the RBS can be calibrated to the corresponding energy for each  channel. 
This energy scale  (within each  of the  allocated channel) can be interpreted a s  the 
depth scale. The spectra  is norm alised and if the sam ple is uniform, the  th ree Mo 
spectra  (A7mo1, A7mo2, A7mo3) should have had been superim posed  onto one 
another. However the  norm alised count for the  three spectra  collected from our 
sam ple do es  not m atch up with each  other. The count differences are  quite 
significant. This indicates there  is non-uniformity within the sam ple over the three 
spo ts the RBS m easurem ent had taken. This is likely cau sed  by return signal 
taking a longer path or lost w hen travelling out of sam ple to reach  the detector. 
This is significant enough to produce a significant lower yield that is showing in 
Figure 5-22. A possibility is that the  sam ple w as not a continuous thin film and had 
som e cracks or edges. W e cannot exclude the possibility that the beam  path w as 
interrupted by metallic inclusion in the film.
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Figure 5-22 Three normalised spectra (A7mo1, A7mo2, A7mo3) collected from three 
different spots on the sample together with the calibration sample (Au/NI/SI02/SI).
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Figure 5-23 The analysis of the second spectrum (A7mo2) and Is based of the 
simulation of a 100 nm Mo layer at the surface.
Two sim ulations w ere done to find out the energy within the two channels (Mo and 
Si channels) when Mo is at the surface of the  sam ple and buried under the  Si. 
Since the three spectra  (A7mo1, A7mo2, A7mo3) had different yield (counts), the 
A7mo2 spectrum  w as chosen  to com pare with the sim ulated results. Figure 5-23 
show s the analysis of A7mo2 (in black) and the sim ulated spectrum  of a 100 nm Mo 
at the surface (in green). The simulation puts the Mo surface signal at channel 413 
but the m easured  Mo surface signal cam e out at around channel 394. There are 
two conclusive points to be drawn from the analysis from Figure 5-23. The energy 
scale  of the m easured  Mo signal pattern within the allocated channel do es  not 
coincide with the sim ulated Mo signal pattern, which m eans the actual Mo thickness 
is less than 100 nm. The m easured  Mo surface signal (at channel 394) com es out 
after the  sim ulated Mo surface signal (at channel 413), which m eans the Mo layer is 
underneath  the 100 nm thickness of the Si thin film.
Figure 5-24 show s the data  spectrum  A7mo2 and the simulation of a 100 nm Mo 
layer buried under a  100 nm Si top layer. The simulation puts the  Mo front edge  Mo
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signal at channel 394 and the m easured  Mo surface signal cam e out at around 
channel 394. The m easured  Mo surface signal m atches the sim ulated Mo surface 
signal confirms the Mo layer is buried under the Si layer. Again, the  energy scale  of 
the  m easured  Mo signal pattern within the allocated channel d o es  not coincide with 
the sim ulated Mo signal pattern, which m eans the actual Mo th ickness is less than 
100 nm.
Furtherm ore a dip just before the  Si signal is noted in Figure 5-23 and Figure 5-24, 
the  width of the dip is similar to the width of the m easured  Mo signal. This show s 
the p resence  of the Mo under the 100 nm Si layer. The width of the  Si signal 
m atches the difference betw een the width of the sim ulated Mo signal and the 
m easured  Mo signal show s the Mo layer is buried under the Si layer. The width of 
the  sim ulated Si signal m atches the m easured  signal showing that the actual 
thickness is indeed 100 nm (deposited thickness) and the Mo layer is buried under 
the 100 nm thick film of Si. The a b sen ce  of any m easured  Mo surface signal when 
comparing it with the sim ulated Mo surface signal indicates no significant am ount of 
Mo had diffused to the surface of the  sam ple. However, the possibility of metal 
inclusion into grain boundary forming silicide nanowire within the silicon w as not 
excluded. But m ore experim ent work will be required to determ ine this.
19 cK
Figure 5-24 Spectrum A7mo2 and the simulation of a 100 nm Mo layer buried under a
100 nm Si top layer.
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However, the above simulation suggested  the Mo layer is less  than  a 100 nm 
(deposited thickness). An additional simulation is carried out with 50 nm Mo layer 
under a 100 nm of Si (Figure 5-25). The width of the sim ulated Mo signals m atches 
our m easu red  Mo signals. This show s that the actual th ickness of the Mo layer is 
closer to 50 nm rather than expected  100 nm. This may imply transport of Mo into 
the Si film. This is d iscussed  in section 6.3.1.
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Figure 5-25 Simulation with 50 nm Mo layer under a 100 nm Si top layer.
5.2.2 Relationship between back contact and their field emission 
properties
The aim of this experim ent is to investigate the effect that the  back contact might 
have on the field em ission in our laser crystallised film. It has been  m entioned, in 
section 5.1.3, that the  back contact had significant influence on the  field em ission 
threshold for Nd:YAG crystallised film in the visible w avelength. In section 5.2.1, 
the m ism atch in the expected  Mo th ickness and the m easu red  Mo th ickness by 
RBS could m ean the Si-Mo alloy at the interface contributed to the low field 
em ission. Therefore, another se t of sam ples, with chromium a s  the  cathode w as 
deposited  with the sam e deposition conditions a s  the sam ples in section 5.2.1,
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w ere used  to investigate the influence on the field em ission threshold from the 
underlay metal.
Ram an spectroscopy w as used  to find crystal structure differences in the  sam ples 
and to investigate the effect that the underlying metal had on the resultant 
crystallised silicon. Scanning electron microscopy w as em ployed to investigate the 
surface morphology and to calculate the geom etric p factors. The field em ission 
results for th ese  films are  shown in Figure 5-26.
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Figure 5-26 Field emission threshold from films crystallised using different energy 
densities with sample on Molybdenum and Chromium.
Figure 5-26 show s that the trend for sam ples with Molybdenum is opposite to those 
with chromium a s  its substra te  metal. The field em ission thresholds for the  sam ple 
using Molybdenum tended  to increase with increasing laser energy density that w as 
used  to crystallise the sam ple, but this trend is reversed  for sam ples using 
chromium a s  its cathode. The field em ission threshold tends to d e c re a se  with the 
increasing laser energy density used  to crystallise the sam ple.
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The su rface of those  sam ples is im aged with FEGSEM to obtain the surface field 
enhancem en t factor. The im ages in Figure 5-27 show s the plane view and Figure 
5-28 show s this at an angle of 45° for the sam ples on chromium and this is similar 
to that shown in Figure 5-20 and Figure 5-21 for sam ples on Molybdenum. From 
Figure 5-27, it is quite clear that the sam ple crystallised with an energy density of 
220mJ/cm^ show s a much d en se r tip structure but sm aller in dimension. The 
geom etric p factor is calculated and is tabulated in Table 5.6. Com paring Figure 
5-27 and Figure 5-28 with Figure 5-20 and Figure 5-21, it s e e m s  that the  tip 
structure on the surface of the sam ples with chromium a s  its underlay metal are 
m ore uniform than those  on molybdenum.
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Figure 5-27 Plane view of A, B, C and D for crystallised area using energy density of 
199, 220, 234 and 252 mJ/cm^ respectively.
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Figure 5-28 Tilted 45° view of A, B, C and D for crystallised area using energy density 
of 199, 220, 234 and 252 mJ/cm^ respectively.
The F-N plot from the field em ission data  from sam ples with Cr a s  its underlay 
metal is shown in Figure 5-29 and the calculated p factors a re  in Table 5.6.
Intrinsic on Cr 
Energy density 
Geom etric p factor 
p factor using electrical analysis
199 220 234 252
NA 1.5 2.9 2.5
66 92 232 232
Table 5.6 Geometric p factor calculated from the surface morphology and p factor
calculated from the F-N plot.
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Figure 5-29 F-N plots from the field emission data on sample treated with energy 
density of 199 mJ/cm^(0), 220mJ/cm^(D), 234mJ/cm^(A), 262 mJ/cm^(x)
Table 5.6 show s the  geom e tric p factors for the  sam ple with chromium a s  its 
underlay metal have little difference betw een one another. It is also  much sm aller 
than the p factors calculated from the F-N plot for the sa m e  sam ple. This again 
show s that the film had an enhancem en t that did not com e solely from the surface 
enhancem en t factor. The geom etric p factors in Table 5.5 and Table 5.6 show s 
little difference betw een the two se ts  of sam ples. This su g g ests  the  surface effect 
on sam ples with Mo and Cr a s  its underlay m etal had similar su rface enhancem en t 
properties. However, the  field em ission trend for sam ples with different type of 
ca thodes (Mo or Cr) crystallised with different laser energ ies show s a very different 
field em ission threshold. This could not be explained with the  F-N model. This is 
evidence that the  field em ission m echanism  in our sam ple w as not driven by 
surface morphology but is likely due  to other factors from the back contact.
It is important for us to find out if there  is any significant crystallinity difference 
betw een the two sam ples with Mo and Cr a s  their underlay m etals. This would 
allow us to find out the  sam ple crystallinity implication on its field em ission property.
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The R am an spectra  taken on all the  sam ples are  shown in Figure 5-30 and Figure 
5-31.
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Figure 5-30 Raman spectra from the sample with Mo as its underlay metai that was 
treated with different laser energy density.
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Figure 5-31 Raman spectra from the sample with Cr as its underlay metal that was 
treated with different laser energy density.
The crystallisation fraction and the  grain size from Figure 5-30 and Figure 5-31 
could be determ ined by using Equation 5.1 and Equation 5.2. The results are  
tabulated  in Table 5.7.
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Intrinsic Si on Mo
Energy density (mJ/cm^) 179 204 221 235 247 263
Crystallisation fraction 0.1 0.9 0.9 0.9 0.9 0.9
R am an Shift (cm‘^ ) 5 2 1 1 1 1
Grain Size (nm) 4 6 9 9 9 9
FWHM 16.0 7.0 6.0 6.5 4.0 3.5
Intrinsic Si on Cr
Energy density (mJ/cm^) 199 220 234 252
Crystallisation fraction 0.05 0.90 0.90 0.90
R am an Shift (cm‘^ ) 6.0 6.0 2.0 2.0
Grain Size (nm) 3.6 3.6 6.0 6.0
FWHM 23.2 10.0 6.3 7.5
Table 5.7 Raman result on Intrinsic samples on Molybdenum and Chromium.
Table 5.7 show s that the  crystallisation fraction of each  sam ple is directly 
proportional to the  laser energy density used  to crystallised it. The crystallinity 
(sam ple on molybdenum) com pared with their field em ission threshold (Figure 5-26) 
show s no clear trend betw een them .
According to F-N theory, the  electrons tunnelled through the  silicon vacuum  barrier 
w hen the applied field effectively narrowed the  barrier. As the  film ge ts  more 
crystallinity, the  film will be m ore conductive and less defects acting a s  
recom bination site for the  electrons. Therefore, m ore electrons would be 
transported  to the surface. The probability for the  electron to tunnel through the 
surface should be higher, resulting In a  lower field em ission threshold. However, 
this is not true in our case . The field em ission threshold for sam ples on 
molybdenum crystallised with an energy densities of 221 mJ/cm^ and the sam ple on
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chromium crystallised with energy density of 234 mJ/cm^ and 252 mJ/cm^ w ere 
around 40 V/pm. Comparing this with their crystal fraction and grain size show s 
they had a  crystal fraction of 0.9 and a  grain size of 6 nm. However, the  sam ple on 
m olybdenum  crystallised with energy density of 235 mJ/cm^ had a  similar 
crystallisation fraction (0.9) and grain size (6.5 nm) but its threshold w as higher 
(around 60 V/p,m). It is also noted that the field em ission threshold for sam ples on 
molybdenum crystallised with energy densities of 235 mJ/cm^, 245 mJ/cm^ and 263 
mJ/cm^ and the sam ple on chromium crystallised with an energy density of 220 
mJ/cm^ are  around 60 V/pm. Similarity in the crystalline faction and grain size 
could only be found in the  sam ple with m olybdenum crystallised with energ ies of 
245 mJ/cm^ and 263 mJ/cm^. This could m ean the field em ission is very much 
independent of their crystalline structure. Taking the analysis on one  type of back 
contact at a  time, the trend se en  in sam ples with chromium se e m s  to be a d e c re a se  
in field em ission threshold a s  the  crystallinity in the  film improved. The trend in the  
sam ples with m olybdenum se em s to show, an optimum crystallisation condition at 
an energy density of 204 mJ/cm^. Since there  are  reports of m olybdenum  and 
chromium diffusing into silicon during therm al crystallisation p rocess  [141,142], it 
m ay be possible that metal silicon intermixing is occurring. Furtherm ore, the  RBS 
da ta  in section 5.2.1 show s a significant d e c re a se  of the  molybdenum  thickness 
suggesting silicide form ed in the sam ple. If silicide is form ed at the  Si-Mo 
interface, it could be expected  that a  significant am ount of Mo would diffuse into the 
grain boundary (preferred site) forming metallic clusters. With the correct 
p rocessing param eter (laser energy density) giving a suitable structure (metallic 
c lusters formed within an am orphous surrounding) could have produced a field 
enhancem en t within the  film similar to those  reported in am orphous carbon [86]. 
This will be d iscussed  m ore in-depth in section 6.3.2.
A transm ission electron m icroscopy (TEM) w as em ployed to study the  structure of 
the  material following irradiation at 204 mJ/cm^. The resulting cross sectional 
analysis shown in Figure 5-32b, gives strong evidence of the  colum nar growth that 
is com m on in laser crystallised Si [42]. The diffraction patterns in Figure 5-32a 
show s different crystal orientations and a diffuse ring indicating the  material to be
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m ore microcrystalline in nature a s  opposed  to polycrystalline. An analysis of the 
cross section of the  excim er laser crystallised Si gives a m icrostructure com posed 
of colum nar Si nanocrystals around 90 nm in height and around 50 nm in diam eter, 
surrounded by grain boundaries. Figure 5-32b show s that the film is continuous 
despite  som e differences in their thickness. The grains extend vertically from the 
back contact separa ted  by grain boundaries indicating colum nar growth. This might 
suggest the  film w as continuous and that there  w ere no cracks to c a u se s  the 
different yield found in the RBS results a s  m entioned in section 5.2.1. The dispute 
in the RBS results for the three spo ts taken on the film could su g g ests  a  significant 
am ount of impurities diffused into the grain boundary that c a u se s  the result signal to 
be delayed or lost. It is known that the grain boundary is the  preferred diffusion site 
for impurities (like the back contact metal). This is d iscussed  further in section 6.3.2.
(400)
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Figure 5-32 Result obtained from TEM on a sample treated with energy density of 204 
mJ/cm^, (a) The diffraction pattern whereas (b) shows the cross sectional image of
the thin film.
A recent paper by Carey et al. [86] su g g ests  that internal field enhancem en ts 
betw een 50-200 can be obtained purely due to proximity effects of conducting 
spheres, when placed within a dielectrically inhom ogeneous medium. The mixed- 
ph ase  crystallite to grain boundary ratio observed in th ese  sam ples might give rise 
to such a phenom enon that allows for the high fields to be genera ted . This would 
then allow for hot electrons to be genera ted  within the laser crystallised material 
that aid electron em ission into vacuum . In order to investigate if there  are  any
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filaments within the film, STM w as used  to collect information on both tunnelling 
currents and height differences on a particular spot on the sam ple. Figure 5-33 
show s that there  are  highly conductive a re a s  in the films. The sam e  a rea  w as 
rescanned  with the collection of height information. The highly conductive spots 
seem  to be around the grain, and may indicate that the em ission from this film may 
not originate from the grain but from highly conductive areas.
B.
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Figure 5-33 Results from STM on the sample treated with 204 mJ/cm^. The samples 
are scanned to give the result in (a) tunneling current and (b) height information of
the sample.
To be certain that the field em ission not only originated from a few hot spots, the 
em ission a rea  for a  sam ple treated  with energy density of 204 mJ/cm^ w as imaged 
using a commercial phosphor (ZnS) screen  a s  shown in Figure 5-34. At 30 V/pm, 
the site density coverage w as in ex c ess  of 80%. Individual em ission sites could not 
be im aged, a s  the  em ission observed w as uniformly bright throughout except for 
two or th ree very high brightness regions. The phosphors show ed no sign of 
dam age  after the site density experim ent.
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Figure 5-34 Emission site density using commercial phosphor at (a) 25 V/pm and (b)
30 V/pm
This show s that the sam ple that had the lowest field em ission threshold had also 
uniform em ission sites. However, a large a rea  sam ple of about 5 inch (across 
diagonally) would be required to further investigate this uniformity.
5.2.3 Relationship between the silicon structure and their field 
emission properties
The aim of this experim ent w as to establish w hether doping could reduce the field 
em ission threshold in our sam ple. Som e results on sam ples laser crystallised in the 
visible wavelength (as in section 5.1.3) show s that the doping has  som e effect on 
the field em ission threshold.
R am an spectroscopy w as used  to find crystal structure differences in the doped 
sam ples. Scanning electron microscopy w as employed to investigate the surface 
morphology and to calculate the  geom etric p factors. The field em ission properties 
from th ese  sam ples w ere m easured  using the field em ission m easuring system  
described previously in section 4.1.9. The field em ission result for th ese  films is 
shown in Figure 5-36. Simulation with trim software w as used  to find the doping 
profile within the film.
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In section 5.2.1, it w as pointed out that the  surface could have som e influence over 
the  low field em ission threshold but it is unlikely to be the  main m echanism  for the 
film to have a low field em ission threshold. According to the  field em ission 
enhancem en t obtained from the surface morphology and the  F-N plot; it is likely 
that som e internal enhancem en t is the reason  for the film having a  low field 
em ission threshold. It is of interest to find if doping will have any effect on the field 
em ission threshold. The film used  is from the sam e  batch of sam ples used  in the 
section 5.2.1, so  should have a similar atom ic structure. The film w as doped by ion 
implantation and the  doping profile in the  film w as sim ulated using the trim software.
The doping w as done by ion implantation and w as carried out in Philip R esearch  
Laboratory in Redhill. The dopants used  w ere boron for p-type and phosphorus for 
n-type sam ples, and the  implant energy used  w as 15 keV and 40  keV respectively. 
Doping with implantation required high tem perature annealing in order to reduce the 
defects cau sed  by the implantation p rocess and activate the  dopan ts  within the film. 
This p rocess is omitted in our case , a s  the  laser crystallisation will anneal the  
sam ple and at the  sam e  time should have activated the doping.
Using trim software, we are  able to find out the doping profile within the  film as  
shown in Figure 5-35. It show s the dopan ts increase along the film th ickness and 
peak  a t 600 angstrom s within the film before the concentration sta rts  falling.
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Figure 5-35 Simulated result shows the doping profile of the n and p dope sample.
The field em ission properties of th ese  films are  shown in Figure 5-36, w here we find 
a relatively ‘flat’ trend for the  doped sam ple on molybdenum and chromium a s  the 
underlay m etals. Although all the  sam ples emit at an average  of 45 V/pm except for 
sam ples crystallised at 220 mJ/cm^, the lowest limit in their error bar from th ese  two 
points w ere not far off from the average  value.
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Figure 5-36 Field emission properties on the doped film crystallised by excimer laser.
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In o rder to investigate and com pare the internal structure with the  field em ission 
properties of the films, R am an spectroscopy w as used  to find out the  structural 
difference betw een the  sam ples. The R am an spectra  are  shown in Figure 5-37, 
Figure 5-38, Figure 5-39 and Figure 5-40
8000 1 n type silicon on Mo
7000 -
6000 -
247 mJ/cm. 5000 -
4000 - 233 mJ/cm
g 3000 -
2000 -
218 mJ/cm1000 -
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480 490 500 510 520 530 540 550 560
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Figure 5-37 Raman spectra for all the n type silicon on molybdenum.
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Figure 5-38 Raman spectra for all the p type silicon on molybdenum.
102
Experimental Results
50000 1
n-type Si on Cr45000 -
40000 -
c  35000 -
Z)
u 30000 -
â 25000 - 
*1 20000 '  
I 1G000 - 
10000 -
252 mJ/cm
234 mJ/cm
220 mJ/cm5000
199 mJ/cm
490 500 510 520 530 540 550
W ave N um ber
Figure 5-39 Raman spectra for all the n type silicon on chromium.
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Figure 5-40 Raman spectra for all the p type silicon on chromium.
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The crystallisation fraction and the grain size for sam ples with molybdenum a s  the 
underlay metal in Figure 5-37 and Figure 5-38 could be de term ined from Equation 
5.1 and Equation 5.2. The results a re  tabulated in Table 5.8. The crystallisation 
fraction and the grain size for sam ple with chromium a s  its underlay metal is in 
Table 5.9.
p -type  on  Mo
Energy density 181 204 220 234
Crystallisation fraction 0.2 0.8 0.9 0.9
R am an Shift (cm*'') 5 5 4 3
Grain Size (nm) 4 4 4 5
FWHM (cm*^) 12.7 8 7.4 7.4
n-type  o n  Mo
Energy density 199 218 233 247
Crystallisation fraction 0.1 0.7 0.9 0.9
Ram an Shift (cm*^) 6 4 3 3
Grain Size (nm) 3.6 4.4 5.1 5.1
FWHM (cm*'’) 13.8 9.5 7.4 6.4
Table 5.8 The analysed results from Raman spectrum obtained on the samples with
molybdenum as its underlay metal.
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p-type on Cr
Energy density 184 200 222 235
Crystallisation fraction 0.14 0.90 0.90 0.90
R am an Shift (cm'^) 6 4 3 3
Grain Size (nm) 3.6 4.4 5.1 5.1
FWHM (cm ') 10.5 7.4 7.4 7.4
n-type on Cr
Energy density 199 220 234 252
Crystallisation fraction 0.2 0.9 0.8 0.9
R am an Shift (cm ') 6 4 3 3
Grain Size (nm) 3.6 4.4 5.1 5.1
FWHM (cm ') 13.7 8.5 7.4 6.4
Table 5.9 The analysed results from Raman spectrum obtained on the samples with
chromium as its underlay metal.
From Table 5.8 and Table 5.9, it se em s  the structural difference be tw een n and p 
type sam ples  are not very different nor is there  much structural difference with Mo 
or Cr a s  the underlay m e tals b ased  on the crystallisation fraction and  full width half 
maximum (FWHM). In order to find out if the  surface of th e se  sam ples have 
con tributed significantly to the sam ple field em ission properties, the sam ple 
morphology w as im aged with field em ission electron microscopy and this is shown 
in Figure 5-41 and Figure 5-42 for Mo and Cr sam ples respectively and the 
geom e tric (3 factors a re  shown in Table 5.10.
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Figure 5-41 A, B Intrinsic sample on Mo crystallised with an energy density of 204 and 
247 mJ/cm^ respectively. Figure C, D p-doped silicon on Mo crystallised with an 
energy density of 220 and 234 mJ/cm^. Figure E, F n-doped silicon on Mo with an 
energy density of 233 and 247 mJ/cm^. The left-hand side shows the plane view and 
the right-hand side shows the slide view of 45°.
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Figure 5-42 A, B intrinsic sample on Cr crystallised with an energy density of 220 and 
252 mJ/cm^ respectively. Figure C, D p-doped silicon on Cr crystallised with an 
energy density of 222 and 254 mJ/cm^. Figure E, F n-doped silicon on Cr with an 
energy density of 220 and 252 mJ/cm^. The left-hand side shows the plane view and 
the right-hand side shows the slide view of 45°.
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From the im age taken from FEG-SEM, shown in Figure 5-41 and Figure 5-42, the 
be ta  factor based  on surface morphology could be deduced  using the sam e  
m e thods described in section 5.2.1 and the results are shown in Table 5.10.
p-type on C r/Energy density 184 200 222 235
G eom etric p factor NA. NA 1.4 2.8
n-type on C r/Energy density 199 220 234 252
G eom etric p factor NA 1.4 1.8 3.5
p-type on Mo/Energy density 181 204 220 234
Geom etric p factor NA NA 1.4 3.2
n-type on M o/Energy density 199 218 233 247
G eom etric p factor NA NA 1.5 2.8
Table 5.10 Results of the beta factor based on the surface morphology In Figure 5-41
and Figure 5-42.
In Table 5.10, the increm en t in the geom etric p factors w as not reflected in their 
field em ission threshold (average value) shown in Figure 5-36. This show s the 
surface enhancem en t h a s  little influence over the field em ission threshold. The 
field enhancem en t experienced by the film would be be tter rep resen ted  by the be ta  
factors obtain from the F-N plot from their field em ission data. T h ese  results a re  
tabulated in Table 5.11.
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p-type on O r/Energy density 184 200 222 235
p factor 219 328 219 328
n-type on O r/Energy density 199 220 234 252
p factor 219 164 219 219
p-type on Mo/Energy density 181 204 220 234 257
p factor 219 131 164 219 131
n-type on M o/Energy density 184 200 222 235 254
p factor 219 131 164 219 131
Table 5.11 The beta factor obtained from the F-N plots
Table 5.11 show s the  p fac tors obtained from the F-N plots from the  field em ission 
data. T hese  p factors ag ree  with the  field em ission threshold value. Again th e se  p 
fac tors are  m uch higher than the  geom e tric p factors tabulated in Table 5.10 
ob tained from the  surface morphology. The different trend be tw een the  geom etric p 
factors tabulated in Table 5.10 and their corresponding field em ission threshold, 
toge the r with the  significant different value be tw een the geom e tric p factors and the 
p fac tors calculated from the F-N plot led us believe the main driver for the field 
em ission do es  not originate from surface effects.
The crystallisation fraction and grain size within the films a re  show n in Table 5.9, 
w here crystallisation fraction and grain size is 0.9 and 4 respectively for the p doped 
sam ple on Cr, crystallised using energy density of 200 mJ/cm^, gave a field 
em ission threshold of around 40 V/jum. With the sam e  combination of 
crystallisation fraction and grain size for the p doped sam ple on Mo, crystallised 
using energy density of 220 mJ/cm^ a significant increase  in its field em ission 
threshold (giving a field em ission) at around 80 V/pm is found. This is twice the 
requ ired field to initiate field em ission in the p-doped sam ple on Mo than  on the p- 
doped sam ple on Cr. W e would expec t them  to em it with the  sam e  field threshold if
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they have the sam e  structure. Although R am an spec tra  gives a  good guide to the 
film structure, it is only a  surface analysis and it m ay not be able to give detail of the 
structure that might give rise to electron tunnelling within the  film that c rea te s  an 
internal field enhancem en t that lowers the threshold. However from the  result, it is 
obvious the  back con tact is the m ajor factor to be considered w hen low field 
em ission is required. T hese  results on doping and structure will be further 
d iscussed  in term  of the 8-N bonding rule.
5.3 Three terminal field emission devices
In the  literature review (section 3.3), conventional field em ission dev ices a re  based  
on spindt tip metallisation or crystalline Si tips. This is a  costly and complex 
p rocess  requiring expensive fine lithography. This had hindered dev ice fabrication 
a t a  cost low enough to be  commercially m arketable. In section 5.1 and 5.2, silicon 
tip-like structures could easily be c rea ted  during lase r crystallisation of a-Si:H. The 
silicon crystallised with the  correc t energy density has  also proven to em it a t a  low 
enough em ission threshold to be u sed  in a  practical device. T he crystallised silicon 
tips is expec ted  to em it due  to the  field enhancem en t on the tips structure.
The aim of this experim en t w as to investigate a novel p ro cess  to fabricate th ree 
terminal dev ices on laser-crystallised sam ples  without the  need  of any 
photolithography. The techniques chosen  will be suitable for a  large a re a  p rocess.
Intrinsic a-Si:H films w ere deposited a t a  th ickness of 100 nm with Mo a s  its 
underlay metal using a  conventional PECVD system  with the  sa m e  pa ram e te rs 
described in section 5.2. The excim er energy used  to irradiated the  a-Si:H w as 242 
mJ/cm^ in air. The rest of the  lase r crystallisation param e te r is the  sam e  a s  that 
described in section 5.2. The sam ple w as then  coa ted with a  layer of SI3 N4  of 150 
nm thick with conventional PECVD. A layer of Cr of 25 nm w as then  evapo ra ted  on 
top of the Si3 N4 .
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Both w et etching and reactive ion etching (RIE) w ere em ployed to  lift off the Cr 
layer at the  silicon tip to expo se  them . The p rocess result and the  field em ission 
da ta  is given below.
5.3.1 Wet etching process
The layer of Si3 N4  (150 nm thick) is deposited with convectional PECVD onto the 
sam ple. In PECVD deposition, the m olecules suffer collisions leading to 
considerable random isation of direction of travel and su b seq u en t conformai coating. 
This lead s to uniform deposition of SÎ3 N4  over the rough surface on the sam ple 
insulating the entire sam ple surface when a Cr layer is deposited. The Cr w as 
deposited using evaporation. In the  evaporation process, the  m olecule motion is 
non-random ised b e c au se  the  p rocess  is carried out in vacuum  so  the  m olecule is 
do es  not suffer any collisions. This led to line-of-sight deposition. Although 
sam ples  crystallised with lase r ene rg ies of 241mJ/cm^ had a  higher field em ission 
threshold than sam ples  crystallised a t 204mJ/cm^, the surface morphology of 
sam ple crystallised with 241m J/cm^ (Figure 5-21) show ed m ore slanted tips that 
could provide a be tter surface morphology to give “out-of-sight” a reas , producing 
voids in the  Cr layer. Ideally, the  Si3 N4  layer around the silicon tips could be 
rem oved b ecau se  of the voids in the  C r layer w as a t the side of the tips. W hen the 
Si3 N4  is rem oved, the  Cr layer on it will experience a surface s tre ss  that is large 
enough to lift it off from the tip, therefore, exposing the tips from the film creating a 3 
terminal structure for field em ission. Figure 5-43 dem on stra tes w hat the  ideal 
p ro cess  should be.
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Figure 5-43 A possible way to fabricate 3 terminal field emitters without 
photolithography (a) The crystallised sample coated with a layer of SisN  ^then a layer 
of Cr, the line-of-sight deposition (evaporation) will cause void in the Cr layers due 
the unevenness of the surface (b) the removal of SisN  ^causes the Cr layer be 
removed from the silicon tips while the rest remain intact.
In our wet etching process, HP w as used  to e tch the SÎ3 N4 . F igure 5-44 show s the 
evolution of the surface structures with e tch time. After 1 min, the  surface of the 
crystallised sam ple coa ted with Si3 N4  and chromium w as still rough even in HF 
solution (Figure 5-44a). Figure 5-44b show s that the top layer metal had 
successfully lifted off when the silicon nitride w as e tched  off and the metal cocoon 
could still be seen . As the e tch time increased, the num ber of exposed  tips 
increased  until an etch time of abou t 30min (Figure 5-44c), w here a significant layer 
of chromium is se en  to be rem oved. It is likely that the HF go t undernea th  the 
chromium at a  certain a rea  for an ex tended  time, which resulted the chromium at 
that a rea  being rem oved. During the p rocess, it is noted that the removal of the 
chromium from the tips w as usually assoc ia ted  with a certain a rea  of the film. The 
reason  is likely to be that m ost of the tips are  not slanted enough to c rea te  an out- 
of-sight a rea  that is necessary  for discontinuity in the Cr layer to expo se  the 
underlying Si3 N4  layers. Therefore wet etching is not really reliable in the removal 
of the chromium to expose the tips.
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Figure 5-44 The result from HF etch with etch time of (a)1min (b)5min (c)10min
(d)30min
5.3.2 Reactive ion etching process
In section 5.3.1, wet etching w as found to be unsuitable for exposing the silicon tips 
from the Cr layers. Therefore reactive ion etching (RIE) is explored. It is known in 
the RIE p rocess, that the e tch rate is directly proportional to the electric field 
gradien t. Therefore, the Cr layer at the silicon tips will experience a higher etch rate 
due to the geom e tric enhancem en t. It is likely that the Cr at the top of the tips and 
the thinner Cr layer at the out-of-sight a rea  will be am ong the first to be rem oved in 
the RIE p rocess, exposing the tips for a  th ree terminal structure. F igure 5-45 show s 
the likely th ree terminal structure to be ob tained from RIE process.
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Figure 5-45 A possible 3 terminal structure obtained from RIE process.
An in-house RIE system  a t the University of Surrey w as u sed  for this experiment. 
The pa ram e ter setting for the RIE w as a g a s  flow of CF 4  at 61.6sccm  and Ar at 
lOOsccm. The p rocess p ressu re  w as 38mtorr with a RF power of 200W  and a self­
b ias of -360V . The m icrowave power w as 900W. The only pa ram e te r that w as 
changed  w as the e tch time and the results a re  shown in Figure 5-46. Figure 5-46a 
show s the surface morphology prior to the RIE p rocess. The surface morphology 
consists of ‘hilly’ structures. After 7 m inutes in the RIE p rocess, the top Cr layers 
se em s  to be e tched off but it is likely the Si3 N4  layers is still intact. This can be 
se en  in Figure 5-46b w here circular shaped  pa tterns w ere observed a t the metal 
layer of the tips, thus showing signs of etching at the tip apex. However, the circular 
outline m arkings inferred that only a thin layer of Cr had been  rem oved. On the 
o ther hand. Figure 5-46c show s a solid circle with a bright spot at the apex, thus 
indicating the removal of the Cr and the Si3 N4  layers exposing the tips. W hen the 
e tch time w as increased  to 20 and 30 m inutes (Figure 5-46d and Figure 5-46e) the 
d isappearing of the bright spot at the cen te r of the apex indicates an over etch 
resulting in the removal of the tips. A significant am ount of the film is rem oved 
w hen the e tch time is ex tended to 45 min (Figure 5-46f).
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Figure 5-46 The result for RIE with etch time of (a) Omin (b) 7mln (c) 14mln (d) 20mln
(e) 30mln (f) 45mln
T hese  results are very encouraging a s  they show  a preferential etching at the tips 
of the sam ple is possible with RIE and the whole p rocess is very simple and could 
easily be adop ted in large a rea  p ro ce sse s  cheaply and easily to produce self 
aligned g a tes  for th ree terminal dev ices.
5.3.3 Field emission measurement from the 3 terminal device
It w as found in section 5.3.2, that the sam ples  e tched  using RIE for a  duration of 14 
m inutes gave the optimum results. This w as used  for our 3 terminal dev ice 
m easurem en t. P lanar field em ission testing w as used  and the detail is described in 
section 4.1.8. The m easurem en t w as se tup  a s  shown in Figure 5-47. A single 
power supply with two sou rces  w as used. The anode (ITO coating on the g lass) is 
connec ted  to the primary source and the ga te  (Cr coating on the Si3 N4 ) is 
connec ted  to the secondary  source. Both the anode and ga te  sh a re  the comm on 
ground.
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ITO coated glass 
Insulator -----------
+ (Primary)
+ (Secondary) 
Common GND
Figure 5-47 Setup for the 3 terminal measurement.
In Figure 5-48, the field em ission w as carried out betw een the anode  and tips with 
the ga te  left floating. There is a  hysteresis se e n  a t a breakdow n field around 18 
V/pm. The subsequen t cycle show s the film is emitting at a field threshold of 9 
V/pm. The field em ission threshold for this diode configuration w as quite low, 
considering that the sam ple p rocessed  with the sam e  deposition param e te rs and 
lase r crystallised with the sam e  energy density (Figure 5-16) is m uch higher (« 65 
V/^im a s  in section 5.2.1). This may suggest the crystallised silicon tips is not the 
a rea  that is emitting electron.
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Figure 5-48 Field emission carried in a diode configuration with the gate left floating
at a vacuum gap of 50 pm.
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Figure 5-49 Field emission cycle with a 50pm vacuum gap at different voltages
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Figure 5-50 Field emission taken with the gate and the cathode both connected to
earth with a 50pm vacuum gap.
Figure 5-49 show s the field em ission cycle when a positive and negative 30 V is 
applied to the ga te. Initially when no ga te  voltage is applied, a  con tinuous cycle 
em itting at a field of around 4 V/pm is routinely achievable (Figure 5-50). W hen the 
ga te  is fed with 30 V, the threshold wen t up to around 7 V/pm. Another cycle of 
tes ts  w ere carried out with the ga te  grounded to be certain the applied ga te  voltage
117
Experimental Results
did not change anything. A threshold of 6 V/pm w as recorded, which w as similar to 
the previous run showing a threshold of 4 V/pm. A nega tive 30 V w as  then  applied 
to the  ga te  to tes t for field em ission. The threshold here is around 5 V/pm. All the 
tes t runs had a  similar ‘firing’ threshold indicating the ga te  is not controlling the field 
em ission threshold a s  expec ted.
The field em ission threshold difference be tw een sam ples with a  silicon nitride and 
chromium coating (Figure 5-48) and w ithout (Figure 5-16) is very much different. 
This could m ean that the field em ission is not coming from the silicon but from 
elsew here. The two diagram s (Figure 5-48 and Figure 5-50) show  a  reduction in 
the field em ission threshold of 5 V/pm be tw een them . This reduction is quite 
significant and the  field em ission se em s  to originating from the g a te  itself rather 
than  the silicon tips. If the  field em ission is really originate from the  g a te  itself, a 
30V ga te  voltage could be translated to 0.6 V/pm (=30V/50pm). W hen a positive or 
a negative 30 V is applied, the effective field be tw een the g a te  and the  anode will 
be reduced or increase  by 0.6 V/pm respectively. This is reflected in Figure 5-49, 
w here a  positive 30 V show s the threshold increasing by around 1 V/pm and when 
a  negative 30 V is applied to the  ga te  the  threshold d e c re a se  by around 1 V/pm. 
This threshold is com pared with the da ta  collected when the  ga te  is grounded (red 
triangle in Figure 5-49). However, the initial cycle with the  ga te  grounded (blue 
d iam ond in Figure 5-49) show s a lower threshold, which m ay indicate otherwise.
The field em ission threshold is around 65 V/pm for the  sam ple with the  sam e  
deposition param e te rs and lase r crystallised with the sa m e  energy  density but 
without Si3 N4  and Cr layer being put on (in section 5.2.2, Figure 5-16). This is 
significantly higher. This toge the r with the  ga te  voltage not having any effect on the 
field em ission threshold led us to believe the  exposed  ed g e s  of the  chromium may 
be em itting rather than the silicon tips. The e tch surface of the  chromium becom es 
relatively sharp  due to the  directional e tch  by the RIE. This sh a rp n e ss  will give a 
high geom e tric p factor resulting the Or ed g e s  to em it in a  m uch lower em ission 
than for the  silicon tips. It is also likely there  is som e  breakdow n a t the  Si3 N4
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(indicated in Figure 5-48) that led to a  short circuit be tw een the  ga te  and the silicon 
for the  electron to be transported from the  back con tact to th e  g a te  for em ission. 
More resea rch  is requ ired to establish this and to find an optimum fabrication 
process.
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Chapter 6 
Discussion
Field em ission can still m ake a major contribution to the flat panel d isplay industry. 
R ecen t problem s in conventional Spindt-tip dev ices has  necessita ted  a new 
app roach  to field em ission in large a rea  dev ices. Laser crystallisation of a-Si:H has  
been  in the  display industry for a  num ber of years, and the  infrastructure is well 
established. The results from this work has  shown that it is possible to u se  a 
llthography-free p rocess  to fabricate a th ree terminal field em ission device, which 
the  p resen t display industry could easily adopt.
This section shall d iscuss the results described in C hapte r 5. It will start with 
discussing the  m icrostructure of the a-Si:H films when subjec ted  to Nd:YAG lase r 
radiation at visible w aveleng th (532nm) using single pulse and multiple pulse 
crystallisation techniques. The surface morphology of sam ples  with different metal 
underlays and different doping levels will then be exam ined. C om parisons will be 
m ade with therm al crystallisation and lase r crystallisation a t UV w aveleng ths. 
Possible explana tions of the crystallisation m echanism  and the surface morphology 
formation subjec t to lase r crystallisation in visible waveleng th will be given.
The field em ission threshold from th e se  sam ples  w as exam ined in section 5.1.3. 
The study of th ese  sam ples  will be em phasising the surface morphology, crystalline 
structure of the film and the  back con tact. S ince a change  in one p rocess 
param e te r will lead to m ore than  one change  to the resultant surface morphology, 
the  crystalline structure and  silicide formation at the back con tact of the  crystallised 
sam ple will also be exam ined. All th ree a re a s  will be exam ined and cross- 
referenced to o thers working in similar a reas . R easonab le assum ptions w ere be
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m ade to arrive a t a  suitable explanation for the field em ission m echanism  within the 
sam ple.
The second  part of this chap te r will look at the field em ission threshold from 
sam ples  crystallised using excim er lase r at UV w aveleng ths. This study will also 
em phasise  the sam e  th ree a re a s  a s  the  sam ple crystallised in the  visible 
w aveleng th, the  surface morphology, structural m icrostructure and silicide a t the 
back con tact.
A suitable model will be p roposed drawing toge the r all the  results we have ob tained 
from field em ission from the  sam ples  crystallised in visible w aveleng th and UV 
w aveleng th to explain the field em ission results. Lastly a  conclusion and proposals 
on future work will be m ade.
6.1 Nd:YAQ crystallisation
S ince the  resea rch  em phasis on lase r crystallisation has  normally been  in the  UV 
w aveleng th, little is known about the growth m echanism  by lase r crystallisation in 
the  visible waveleng th.
6.1.1 Single and multiple pulse crystallisation in visible 
wavelength
W e have carried out experim en ts in lase r crystallising a-Si:H in visible w aveleng ths 
(632nm), which have been  very successful. From our experim en ts it is shown that 
the  num ber of pu lses could be tter control crystallisation than  using level of lase r 
energy. This is b ecau se  crystallisation can take place within the  low energy  density 
regim e, which the crystallisation p rocess  is insensitive to the energy variation 
be tw een lase r pulses. P lease  no te that it is very different to  obtain a  constant 
energy pulses in the p resen t pulse lase r system . The single pulse and multiple 
pulse crystallisations had been  studied and found to give rise to a  new growth
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m echanism  called supe r sequen tial lateral growth (SSLG) or a  hybrid supe r 
sequen tial lateral solidification (SSLS) and supe r lateral growth (SLG) is behind the 
growth m echanism  with the  multiple pulse crystallisation in visible w aveleng ths.
It had been  shown that the  grain size and root m ean square  (rms) roughness in the 
single pulse crystallisation (Figure 5-1) varied according to the energy  density used  
by the  laser. A threshold is se en  a t around 400 mJ/cm^ w here a sudden  increase  in 
the grain size and rms roughness of the surface is observed. This is a  similar result 
to  that which h as  been  observed by o thers using UV lase r induced SLG of a-Si:H 
[42,47]. There will be a sudden  increase in grain size when the SLG condition is 
met. The T ransm ission Electron Microscopy (TEM) diffraction patte rns taken  from 
th e se  irradiated a rea  by single pulse crystallisation show  single crystal diffraction 
with different orien tations (Figure 5-2). An am o rphous ring is still p resen t in sam ple 
irradiated with 176 mJ/cm^ and not in sam ples irradiated with 530 mJ/cm^. This 
show s the  crystallisation p rocess  dep en d s  on the energy density u sed  to crystallise 
the sam ple in order to achieve a good crystallised structure. The R am an spec tra  
confirm this finding.
Simulation b ased  on W ood’s  therm odynam ic model has show n the  therm odynam ic 
effects of different energy density used  to irradiate the sam ple. It is shown that an 
energy density of 70 mJ/cm^ is sufficient to change  on the surface (20nm). This 
change  on the surface could provide a seed ing  effect for su b seq u en t lase r pu lses to 
crystallise further into the material, since the  lase r energy at a  w aveleng th of 532nm 
is m ore readily absorbed  in c-Si than in a-Si:H [40]. The ch an g es  on the  surface 
will allow m ore lase r energy to pene tra te  into the film with the surface providing the 
seed ing  effect for the crystallisation to take place more readily.
The result from multiple crystallisations show s that the  grain size and rms 
roughness d ependence  on the  num ber of pu lses (Figure 5-4). Although the rate of 
change  in the grain size is dependen t on the  energy density, it show s that the 
num ber of pu lses to irradiate the sam ple could control the crystallisation process.
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There is a  significant and very interesting variation in the grain size and  in the rms 
roughness  w hen the multiple pulse da ta  is com pared to that of a  single pulse 
crystallisation. In the c a se  of the single pulse da ta, a  grain size of approxim ately 5 
nm is observed w hen using an energy density close to 150 mJ/cm^. In the  multiple 
pulse crystallisation p rocess  a  s te e p  increase  in grain size is observed. For 
exam ple, w hen an energy density of 123 mJ/cm^ is used  in a  multiple pulse 
configuration, a  grain size of 500 nm results after 10 pulses. This is significantly 
larger than  if there  is a  linear relationship be tw een the  single pulse growth reg im e 
(where a  crystal size of the  o rder of 5 nm x 10 « 50 nm would be expec ted) and  the 
multiple pulse reg im es. The grain size increase  is attributed to a  su p e r sequen tial 
lateral growth (SSLG) regime. In this case , it ap p ea rs  that with each  sub seq u en t 
lase r pulse a  much faste r growth p rocess  would take place, probably on the face ts  
crea ted  during the prev ious pulse until a  limiting value or plateau is reached . It is 
interesting to note that desp ite the rm s roughness  being significantly higher than  in 
the  single pulse case , it ap p e a rs  that the large grain growth is uniform over the 
en tire region rather than  being face tted or orien ted in one particular growth 
direction, i.e. a  polycrystalline thin film. The SSLG p rocess  is a lso  obse rved for the 
o ther ene rg ies  used  in the  multiple pulse excitation of the a-Si:H. T he TEM results 
on the  irradiated a rea  show s a good polycrystalline silicon is form ed, which 
confirms the  analysis and gives us reason  to believe that good quality crystalline 
films are  indeed ob tained a s  a  result of e ither SSLG or a  hybrid SSLS and SLG 
process  in the Nd:YAG irradiated thin films.
T h e se  results allow us to identify a  new  SSLG reg im e p resen t in the  multiple pulse 
crystallisation of a-Si:H at a  lase r w aveleng th of 532 nm. T he interval be tw een 
successive  pulses is long com pared to th e  quench time of the  lase r crystallisation 
p rocess  of a-Si:H and therefore, the thin film expe riences ea ch  successive  lase r 
pulse a s  an  individual even t, with tem pe ra tu re variations cau sed  by each  lase r 
pulse being relatively similar. Mel eta l. [68] had postulated that an  energy  density 
slightly below the melting point of the  a-Si:H could help dehydrogena tion and 
improve film surface morphology. A m ore recen t study by Garius et. ai. [70] had 
show n that changes  in the thin film structure occu rs at 100 mJ/cm^ with a 8 ns pulse
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width a t 532 nm. Their resea rch  prov ides ev idence that lower energy  densities can 
be u sed  to reconstruct a-Si:H thin films without p h ase  changes . From our 
experim en ts, we show ed that the num ber of pu lses requ ired to crystallise 
am o rphous silicon significantly affec ts the quality of film (poly-Si) in term s of grain 
size. W e postulated that the  crystallisation model for the SSLG p ro cess  beg ins on a 
thin localised layer on the surface of the  a-Si:H in which su b seq u en t pu lses used  
previously crystallised reg ions a s  se e d  layers to crystallize laterally into a  thin film. 
The absorption dep th for c-Si (approximately 500 nm) is higher than  that of a-SI:H 
(approximately 100 nm) for a  w aveleng th of 532nm  [40] and th e  crystallised Si 
should be able to w ithstand the  lase r pulse once it h as  reached  its crystalline form. 
The pulse width of our lase r system  is very short (3 nsec) w hen com paring it with 
o thers using UV pulse lase r system  that is having pulse width above 10nsec. The 
short pulse width could c rea te  a  s tre ssed  film and c au se  crystallisation to occur at 
lower energy  densities than th o se  normally expec ted.
6.1.2 Effect of different underlay metal on laser crystallisation at 
visible wavelength
Sam ples with aluminium, chromium, molybdenum  and titanium have all been 
trea ted  a t a  532nm  w aveleng th with 10 pu lses  at an energy density of 70 mJ/cm^. 
The R am an results (Table 5.1) show  that the  highest deg ree  of crystallinity and the 
largest grain size is p resen t in AI sam ple, which is in c lose ag reem en t with the 
FWHM in their spectrum . The trend did not follow the conven tional hea t argum en t 
a s  proposed by Im eta l. [47]. The p roperties of the metal in term  of their therm al 
conductivity did not follow the  resultant grain sizes. In the  p roposed  hea t transfer 
argum en t, the  additional Si0 2  layer had a  therm al conductivity lower than  g lass over 
the en tire tem pe ra tu re range of interest [65], producing a layer of h ea t insulating 
effect. This would lead to a  slower cooling and hence  a longer m elts duration for 
energy densities, which can  c a u se  liquefaction of the  top silicon layer. This will 
result in m ore crystallinity and a  larger grain size in the resultant film. M armorstein 
e ta l. [65] had reported a  no ticeable increase  in grain size with a  thicker underlay 
barrier (SiOa), and  they u sed  Im's [47] conven tional h ea t argum en t to explain the 
effect. However, the  results in sec tion  5.1.2, show ed the  effect the  back con tact
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m etal had on the resultant film in term s of their crystallinity and grain size. It does  
not rela te to the  back con tact therm al conductivity, but rather it d ep en d s  on the 
underlay metal used.
The highest d eg ree  of crystallinity and  largest grain size is p resen t in AI sam ples, 
which h as  the highest therm ai conductivity of ali the  m e tais tested . The effect of 
m etal on therm al crystallisation is well docum en ted  and it is known to reduce  the 
crystallisation tem pe ra tu re and  rate [27]. This enhancem en t in crystallisation based  
on a metal inclusion argum en t from m e tals such  a s  Al, could be ex tended  to lase r 
crystallisation from therm al crystallisation. It is known that Al inclusion can reduce 
the  crystallisation tem pe ra tu re and  time during crystallisation p rocess. This is 
similar to the  SLG model p roposes by Im eta l. [47], w here the underlay m etals act 
like the seed ing  islands described in the  SLG model that se ed  the  crystallisation 
p rocess  a s  the p rocess  solidifies.
The SLG model su g g e s ts  that under the correct energy density, unm elted silicon 
islands will form at the substrate/silicon interface and will ac t a s  nucléation sites. 
The nucléation sites will se e d  the crystallisation and the g rains will grow laterally. 
The growth will stop  w hen the two neighbouring grains m ee t, forming a  grain 
boundary be tw een them . The tem pe ra tu re a t this interface will not be  high enough 
to melt the underlying metal but it is likely to encou rage  silicide formation. This 
silicide island will act like the unm elted island in the SLG model acting a s  a 
nucléation site w hen solidification occurs. The therm al energy  lo ses  through the 
underlay m etal (Ti, Mo, Al or Cr) is much higher than therm al ene rgy  lo ses  through 
atm osphe re. Therefore, the  solidification will occur a t the silicon/metal interface 
rather than  from the  film surface. A possible scenario  m ay be happen ing at the 
silicon/metal interface is that the  high therm al conductivity of the  underlay metal 
m ay transfe r the h ea t aw ay fast enough to c rea te  unmelt a rea  a t the  metal/silicon 
interface. The therm al energy transferred from the surrounding liquid silicon to this 
unm elt a rea  then through the  underlay metal will keep  the tem pe ra te  rising at this 
area . As the liquid silicon (c-Si melting point is 1414 °C) start to solidify, during this 
p rocess  the en tire system  will be in therm al equilibrium, therefo re keep  the  unmelt
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a rea  well above 600°C, which is the  tem perature requ ired to c a u se  thermal 
crystallisation. Therefore it is very possible th e se  unmelt a re a  will be first to 
crystallise a s  the  silicon in liquid p h ase  will only start crystallising during 
solidification. The tem perature (>600°C) is a lso  well above the  requ ire tem perature 
(300°C [147]) to form silicide (CrSig and MoSi2 ). W e believed enhanced  silicide 
formation would take place a t the  unmelt a rea. This would lead to silicide-m ediated 
crystallisation similar to those  MILC reports. The silicide a re a s  will act a s  
nucléation sites, which will se e d  the crystallisation process.
T here a re  only few repo rts m ade on the effects of m etals on lase r crystallisation 
and not all the  m etals investigated he re have been  reported before [143]. Som e of 
the  reports on the effect of metal on the therm al crystallisation p rocess  are  referred 
in our discussion. Although therm al and lase r crystallisations a re  totally different 
crystallisation system s, the effect of m etal-aided-crystallisation could still be 
ex tended  to lase r crystallisation. In this case , a s  the silicon interacting with the 
underlay metal could be in solid s ta te  while remaining in high tem perature 
(>600°C), the  m etal-aided-crystallisation p rocess happen ing a t the  silicon/metal 
interface should be  similar, in MILC, aluminium is known to reduce the 
crystallisation tem pe ra ture and time by metal inclusion that s e e d s  the crystallisation 
process. This unique property could have contributed to an  enhancem en t in grain 
size in the sam ple with Al a s  its underlay metal and can be explained with a  similar 
argum en t to that in SLG growth m echanism . The underlying crystallised silicon will 
ac t like the  unm elted islands described in SLG model [47] that se e d s  the 
crystallisation p rocess a s  the p rocess  solidifies. This explains the  crystalline factor 
and grain size no t having any relationship to the underlying metal therm al 
conductivity.
The surface morphology of the  sam ples with different underlay m e ta ls (Ti, Mo, Al or 
Cr) differs from one  ano ther. Their root m ean square  roughness  (rms) do es  not 
vary much. During lase r crystallisation of the am o rphous silicon, it is thought that 
significant am ount of silicon is transported tow ards the  grain boundaries occurs. 
This form s shallow valleys be tw een the grains and large hillocks at the  boundaries.
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This behav iour is based  on the fac t that the  grains solidified first and the melting 
point of the  a-Si:H is about 20%  lower than that of crystalline silicon. The surface 
roughen ing occurs via the  freezing of capillary w aves excited in the  silicon melt. 
This leads to a  volume change  in the  silicon during solidification, sufficient to crea te 
a  capillary w ave with liquid silicon being driven toward the  last a re a  of solidification. 
A dispersion relation for capillary w aves of frequency m i n a  fluid layer of dep th  h is 
shown in Equation 6.1 [68].
co^  -  ak^ temh(kh)/ p  Equation 6.1
w here a  Is the surface tension coefficient, k is the wave vec tor and  p  is the  density. 
The dam p ing coefficient, y for the capillary w ave could be found Equation 6.2 [68].
y  = 2vA:^  Equation 6.2
w here v is the kinematic viscosity of the melt and k  is the  w ave vector.
The grain boundaries and vertices, which typically a re  the  last to freeze during 
lateral grain growth, have accum ula ted silicon due to the  action of the  expanded 
solid material on the  remaining (denser) liquid material. A 10% density change 
be tw een solid and liquid p h a se s  of silicon (2.53 g/cm^ for liquid Si and 2.30 g/cm^ 
for solid Si) provides the  driving force for the  creation of th e se  capillary w aves. 
W hen the  silicon solidify, it will expand and exert a  force on the  ad jacen t melt. 
Liquid silicon m ovem en t will occur during melting and freezing how ever the v iscous 
effec ts su g g est that the  freezing excitation will have the  p redom inant effect on film 
morphology. Several melt fronts would have been  converging upon solidification, 
with the  liquid silicon forming into a  sharply peaked  bump, which will give a 'valley­
like' morphology. However the  lump-like structure on sam ples  with molybdenum  a s  
the  underlay metal (Figure 5-8c) show ed otherwise. The ‘lump-like’ structure 
dim ension from the AFM w hen com pared with the  ave rage  grain size calculated 
from the R am an spec tra  show ed a c lose ag reem en t be tw een the values.
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This indicates that the ‘lump-like’ structure a t the  surface is rela ted to the  surface 
grain size. K assne r eta l. [130] had reported residual s tre s se s  changing 
significantly in the Mo and  the  a-Si:H layer with therm al annealing, with no others 
repo rts of residual s tre ss  in other m etals. The different su rface tensions 
experienced by the am o rphous films m ay be the  likely c a u se  for their surface 
roughness. But ‘lump-like’ structure with height g rea te r than  the  film th ickness [39] 
due  to surface tension alone to c rea te  a  force to move the m aterial up to a  height 
that is g rea te r than the material own th ickness is not likely.
Therefore we believed the different solidification timing be tw een the  grain size and 
grain boundary is likely to c a u se  a  surface tension, while the silicon is still in the 
liquid sta te . During the  crystallisation process, grains could exert a  force w hen they 
growing laterally. While the  silicon is at its melting tem perature, som e  silicon 
vaporisation is likely. This vapou r will then  deposit onto grains that have already 
solidified. W hen a  nex t lase r pulse radiated the  film, m ore phonon energy is 
transla ted  to therm al energy  to induce a t the grain boundary. B ased  on the  fact that 
the  melting point of the a-Si:H is about 20%  lower than that of crystalline silicon, 
one would expec t m ore m aterials in the am o rphous region (grain boundary) will 
vapo rise leading to a  thinner am orphous layer (sm aller m ass). Therefo re w hen a 
am o rphous region with a  sm aller m ass, a  lower melting point and subjecting to the 
sa m e  irradiated with the  sam e  lase r energy, m ore m aterials in th e se  am o rphous 
reg ions (grain boundaries) will vaporise, leading to an acceleration to deposit the 
silicon from the  grain boundary onto the grain. This model is also  u sed  by Mazur 
ef.a/.[126] for the formation of silicon whiskers. This m ay explain lump-like 
structures on the surface and also the  huge m ass  transportation from the  surrounds 
to c rea te  a  height g rea te r than the film thickness.
6.1.3 Effect of different doping on laser crystallisation at visible 
wavelength
The R am an spec tra  from the different sam ples  (Figure 5-10) show  that the  intrinsic 
sam ple had a  be tte r crystalline fac tor and larger grain size w hen com pa red  with its
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doped coun terparts. This is not what is expec ted, a s  the dopan ts  within the film 
should provide nucléation sites for the crystallisation process. However, Khalifa 
eta l. [135] reported phosphorus doping in a-Si:H has  show n a reduced 
crystallisation rate. B eserm an eta l. [132] has reported boron concen trations within 
the films to be directly proportional to the  crystallisation onse t tem perature. Both of 
th e se  findings ag ree  with our experim en ts.
Khalifa eta l. [135] reported in their therm al crystallisation experim en ts that the 
R am an spec tra  of phosphorus-doped sam ples show  a broaden ing and  shift away 
from the crystallised peak  (520cm'^) a s  the doping level is increased . It is found 
that the phosphorus tend s  to slow down the crystallisation rate. Likewise in our 
case , an increase in phosphorus d ece le ra tes  the crystallisation rate. This is 
supported by our experim en t result, which show ed that for sam ples  with different 
phosphorus concen tration crystallised with the sam e  lase r energy  density, the 
therm al energy induced by the  lase r energy should be the sa m e  in all the sam ples. 
In short, the higher the phosphorus concen tration in the  sam ple, the less 
crystallinity it would be. The numerical result in Table 5.2 confirmed this. Both the 
crystalline factor and grain size d e c re a se  proportionally with increased  levels of 
phosphorus doping.
Similar effec ts have been  se e n  in boron-doped sam ples w here a s  the  level of boron 
doping increases; the  sam ple is less  crystalline in nature. It is show n by Ram an 
spec tra  of the  p type sam ples, that a  larger R am an shift and  broade r peak  is 
p resen t. The numerical results in Table 5.2 also show ed that the  crystalline factor 
and grain size is sm aller w hen com pared with the intrinsic sam ple. The R am an 
spec tra  in p+ films show ed a  plateau a t around 480 c m '\  which is the  am o rphous 
peak  (silicon), m ean ing that a  high concen tration of am orphous structure is p resen t 
in the film. The R am an spectrum  of the p^^ sam ple did not show  any peak  a t 520 
c m '\  This m ean s  that the  film is am orphous. B eserm an eta l. [132] had reported 
that the boron concen tration within the  film is directly proportional to the 
crystallisation onse t tem perature. This is b e c au se  the photo g ene ra ted  elec trons 
recombining with the holes p resen t in the  boron doped a-Si:H c a u se s  the
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crystallisation tem perature to increase. This ag ree s  with our result. The higher 
concen tration of boron in our films give a m ore am o rphous-like na ture showing the 
lase r energy density is not sufficient to crystallise the film. The AFM also  produced 
som e  interesting results, w here the  rm s roughness obtained from the  AFM is 
tabulated in Table 5.2. It show s that the  roughness is proportional to the dopan ts in 
the film, which could be due  to the surface tension caused  within the  film.
6.2 Field emission from the laser crystallised sampies with 
visible wavelength energy
Since field em ission form s the  basis  of this thesis, the  above sam ples  had their field 
em ission properties m easured . R esults from different underlay m e tals and different 
doping show ed som e  interesting results and they will now be d iscussed .
6.2.1 Field emission from laser crystallised sample on different 
underlay metals
B ased on the field em ission results (Figure 5-13), the field em ission threshold is 
best for the sam ples with aluminium a s  the  underlay metal, and, w orse for the 
sam ples on chromium. W hen relating this result to the structure information 
obtained through R am an spec troscopy in Table 5.1, the two show ed a  similar trend. 
Al has the highest crystalline factor of 0.9 and the largest grain size of 5.13 nm, but 
h as  the  lowest field em ission threshold. The highest field em ission threshold is 
found in sam ples with Cr a s  the underlay m etals, which gives the  lowest crystalline 
factor of 0.4 and the sm allest grain size of 3.97nm . It is interesting to note that 
sam ples  on Mo and Ti have similar crystalline fac tors of 0.68 and 0.57 respectively 
and the  sam e  grain size. There w ere only slight differences in their field em ission 
threshold. This may ev idence the  crystallinity structure in the  film being one of the 
contributing factors in lowering the field em ission threshold.
The standard  work function for Al, Mo, Ti and Cr is 4.28eV, 4.6eV, 4.33eV  and 
4.5eV  respectively. To analyse the metal/silicon interface, a  sim ple energy band
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d iagram  could be constructed (Figure 6-1). In o rder to construct the  band d iagram , 
the  following assum ption is m ade;
1. No silicide is formed at the metal-silicon interface
2. It is assum ed  the work function for crystallised silicon is 4.52eV
3. The am o rphous sta te  in the sam ple is ignored and a  perfect crystal structure 
Is assum ed
B ased on the above assum ptions, a  basic energy band diagram  is constructed for 
the metal silicon interface. This is shown in Figure 6-1. If the metal work function is 
larger than  the silicon work function, the band s  would bend down to find an 
equilibrium sta te  for the  two m aterials (metal and silicon). T he bands would bend 
up if the metal workfunction is sm aller than the silicon work function.
Vacuum
4.02eV
4.2SeV
l.leV
A,
V acuum
B.
l.leV
Mo
Ec
Figure 6-1 Band diagram at between the silicon and its underlay metals (a) Si/AI (b)
Si/Mo.
W e could expec t a  Schottky barrier to be p resen t at the metal-Si interface in Al, Ti 
and Cr, with Al having the  largest barrier. The band d iagram  is shown in Figure 
6-1. According to conventional electron transportation b a sed  on energy band 
bend ing, a  higher field is required to ge t the elec trons from Al into silicon, via the
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silicon microstructure, which in turn field em its from the silicon surface. However, 
the field em ission threshold is lowest in the  sam ple with Al a s  its underlay metal and 
it h a s  the  largest Schottky barrier at the interface with silicon and  b ased  on the 
sp a c e  charge induced band bending model (SCIBB) described in section 3.2.2, the 
em ission threshold with a  back contact of Al, Ti and Cr indicates a  higher deple ted 
Schottky barrier will allow m ore elec tron to ge t ‘hot’ and to be  em itted. However 
the re  is no restriction for elec trons in Mo to ge t into the silicon, b ased  on SCIBB the 
electron will not have a chance  to ge t ‘hot’ enough to be em itted. However, the field 
em ission threshold is alm ost the  sam e  for sam ples  with Mo or Ti a s  its underlay 
metal. If the  field em ission is b ased  on the  SCIBB model only. Mo should have the 
highest field em ission threshoid and this is not true here.
Therefore, a  simple energy  band diagram  at the  Si-Metal interface is not applicable 
to our case . Furthermore, it is com m on to find silicide formation at the Si-Metal 
interface, which could alter the  band profile significantly. Obviously, the back 
con tact h as  som e  effect on the  field em ission m echanism . T he above analysis on 
the  back con tact is a  sim ple app roach  and in our case , it is m ore complex. Figure 
5-9 show s som e  structural changes  to the  Al back con tact. This m ean s  som e 
interaction be tw een the  Al back con tact and the  silicon h as  occurred. In repo rts on 
m etal induced crystallisation, Gong ef.a/[144] found formation of an  am orphous Si- 
Ti alloy at the  Ti/a-Si:H interface; K assne r e ta l  [130] reported growth of am orphous 
Mo-Si interlayers a t the  Mo/a-Si:H interfaces and Bokhonov e ta t  [131] had 
reported the  formation of m e tastab le am o rphous Al-Si silicide a t the  a-Si:H/AI 
interface. This show s that it is com m on to find silicide a t the metal-Si Interface 
w hen it h as  undergone processing at a  tem pe ra tu re of 600°C. This could lead to 
ch an g es  in the band profile with the  inclusion of metal into the  silicon at the 
interface creating an ohm ic contact rather than  a Schottky barrier.
Table 5.3 show s that th e  p fac tors obtained from the F-N plot a re  far higher than the 
calcula ted p factors from the surface morphology. The p factor for the  sam ple with 
Al a s  its underlay metal is the sam e  a s  sam ples  on Mo or Ti. However, the field
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em ission threshold in the sam ple  with Mo and Ti a s  the  underlay m e tals is higher 
than  the  sam ple with Al a s  its underlay metal. This is not corroborated, a s  the  
sam ple with a  higher p factor should show  a larger field enhancem en t is 
experienced  by the  sam ple and  therefo re should give a lower field em ission 
threshold. T here a re  two possible explanations:
1. The workfunction taken to calculate the p factor is not appropriate. In Equation 
3.3, the  field enhancem en t factor (P) will only varied with th e  work function of 
the  em itting m aterial and the gradien t obtained from the F-N. S ince the  
gradien t obtained from the F-N is obtained from our experim en tal data , it is only 
possible that the  work function is a ssu m ed  to be incorrect. This could be the 
em ission originated from the  c iusters of silicide within the  film. Therefore the 
silicide workfunction should be u sed  than the silicon workfunction,
2. It could be the  Fowler Nordheim model is not applicable in our case .
The work function is a ssu m ed  to be 4 .52 eV (c-Si work function), and it is show n in 
Figure 5-9 that there  is som e  structure (surface tex ture on the  back con tact) at the 
Al back con tact after th e  Si h a s  b een  rem oved. If the structure is a  Si-AI alloy, this 
layer should be in ex c ess  of 10 nm to be de tec ted  by SEM. This th ickness is quite 
significant and could be the electron-em itting layer. With th e  interface reaching a 
tem pe ra tu re of well over 1000°C and the melting point of aluminium being only 
around 600°C, significant metal inclusion in to th e  film is expec ted . It is likely that 
the metallic inclusion into the less  conducting surrounding matrix is the  source of 
the anom alous high internal field that give rise to em it elec tron at low fields. This 
detail will be  furthered de tailed in section 6.5 (proposed model).
Table 5.3 indicates the field enhancem en t could not have a risen  from surface 
effec ts a lone a s  the  d ifference be tw een the  p factor from th e  F-N plot and the 
surface geom e try  is too large. Taking into consideration the crystalline factor of the 
film, which show s a  similar trend be tw een the crystallinity of the  sam p les  and their 
field em ission threshold. However this may not be a  major contributing factor w hen 
com pared to the crystalline fac tor and grain size d ifference am ong the  sam ples.
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W hen considering the back con tact, it h a s  been  shown that the  ene rgy  band profile 
m ay not be applicable to the  field em ission p rocess, a s  the silicide formation a t the 
interface will have com plicated the  overall situation. W hen back con tact metal 
diffused into the silicon during the  crystallisation p rocess  will normally c rea te  ohmic 
contact at the interface be tw een the  back con tact and silicon.
6.2.2 Field emission from laser crystallised samples with 
different doping
The effec ts the  doping has on the  field threshold from c-Si tips had been  well 
docum en ted  [137]. It would be interesting to find out if our sam ples  show  similar 
characteristics to th e se  of c-Si tips. The field em ission trend m a tches  the 
conventional field em ission from c-Si tips, w here the n type sam ple usually em its at 
a  low threshold and the  p type sam ple has a higher threshold. This is usually 
attributed to the following factors:
1. The n type dopan ts  would effectively lower the work function of the  silicon 
allowing elec trons to be em itted into the vacuum  m ore easily.
2. E lectrons transport from the  metal into n-type silicon barrier m ore easily 
than p-type silicon. Therefore, m ore elec trons could be transported  from the 
metal into the silicon, thus m ore would becom e available a t the  silicon 
surface to be em itted into the vacuum .
3. Electrons being the  m ajor carrier in n-type silicon would reduce the chance  
of electron recom bination while within the  silicon.
However, in our c a se  it is a  bit m ore complicated, and the  crystalline structure is 
quite different for each  sam ple. The structure information of th e se  sam ples  shown 
in Table 5.2 show s the intrinsic sam ple is more crystalline than  the  rest. The 
crystallinity and the  grain size de teriorate in both n and p type sam p les  a s  the 
doping level increases. This m ean s  the elec trons could flow m ore freely in a  more 
crystalline structure (intrinsic sam ple) with less  defec t s ites  acting a s  trap  for 
elec trons. In an n doped sam ple, this m ay be coun terbalanced with m ore elec trons
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from the ca thode getting into the silicon m ore easily therefo re increasing the 
electron density in silicon. The ex tra elec trons added  by the  phosphorus will also 
m ake the electron the majority carrier, therefo re coun teracting the recombination 
cen tres  crea ted  by m ore am o rphous structure. This will aid the  field em ission 
m echanism . However, a s  the phosphorus level increases, the  structure becom es 
m ore am o rphous and therefo re halting the field em ission. The ex tra holes added  
by boron would m ake elec trons the  minority carrier and th e  m ore am o rphous 
structure, increases  the  ch an ces  for recombination of elec trons while within the 
silicon. Additionally, elec trons would find it m ore difficult to overcom e the  Schottky 
barrier form ed a t m etal silicon interface. This m ean s  few er elec trons would be in 
the silicon surface to be em itted into the vacuum . The field em ission p rocess  would 
even tually halt in the  p^^ sam ple.
Therefore a Schottky barrier is form ed a t the intrinsic and p type sam ples at the 
silicon-chromium interface with the  p type sam ple having the  highest barrier. With 
the  conventional field em ission based  on F-N theory, elec trons could ge t through 
the n type barrier more easily than  the p type/intrinsic barrier, so  m ore elec trons 
could be transport to the surface to be em itted. Although the  intrinsic sam ple h as  a 
lower electron barrier than the p-type sam ple, it still h a s  a  slightly higher field 
em ission threshold than the p-type sam ple. A much higher threshold is se e n  in p^ 
sam ple and n type sam ple is having the lowest threshold. Taking into account the 
variation be tw een different points taken from the sam ple, the  convention field 
em ission based  on F-N theory fits well with our field em ission trend in our sam ples. 
Although the field em ission threshold from th e se  sam ples (ranges from 28 V/pm to 
50 V/jLim) is a  relatively high field and m ay no t have m uch effect in en h an ce  nor 
retard the field em ission process, the band d iagram  could fit into our results.
According to the calcula ted p factors, based  on the surface morphology, the n type 
sam ple had the lowest geom e tric p factor w he reas the  intrinsic sam ple had the 
highest. However, the  n type sam ple had the  lowest field em ission threshold. This 
show s that the  surface is not the main driving m echanism  in our films. This m ust
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m ean that som e  internal field enhancem en t within our film is crea ting this large p 
fac tor appearing in the  F-N plot. An interesting fact w as rela ted to the  intrinsic 
sam ple having a higher geom e tric p factor, a  m ore crystallised structure and larger 
grain size a s  com pared with the  p-type sam ple. This m ean s  that elec trons should 
be able to travel from the  back con tact to the  surface m ore easily in the  intrinsic 
sam ple than  in the  p-type sam ple. However, the field em ission in the intrinsic 
sam ple is slightly higher than  the  p-type sam ple. This m ay indicate the field 
em ission m echanism  in our sam ple con tradicts to the  Fowler Nordheim model, 
which su g g ested  that the probability for elec trons to be em itted into the  vacuum  
would increase  when m ore elec trons is transported  to the em itting m aterial surface.
It is show n again that th e se  doped  sam ples  do not rely on their su rface morphology 
to achieve low field em ission thresholds. Drawing energy band d iagram s at the 
metal-silicon interface can  aid in understanding the  field em ission process. The 
ex tra elec trons help field em ission, it seem s , while ex tra holes do not have such  a 
beneficial effect. The lowering of the energy barrier a t the  n type silicon-metal 
interface could allow m ore elec trons to be transported into the  silicon m ore readily. 
Considering the relatively sm ooth surface on the  n type silicon, a  28 V/p.m a s  field 
em ission threshold is relatively low.
6.3 Field emission from laser crystallised samples under UV 
wavelengths
Sec tion 5.2 indicated that the main c a u se  for the  low field em ission threshold w as in 
the  enhancem en t c au sed  by a localised fields within the film rathe r than  from the 
surface. This is exam ined m ore closely in the  sam ples  crystallised under UV 
conditions.
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6.3.1 Relationship between field emission threshold and surface 
morphology with crystallised silicon on molybdenum
Sec tion 5.2 h as  shown that sam ples  crystallised in oxygen and vacuum  give a 
much higher field em ission threshold than sam ples  crystallised in air. This could be 
attributed to the  th ickness of the  oxide layer a t the  surface that w as crea ted  during 
the lase r crystallisation process. Filip eta l. [80] reported a possible model showing 
the  transportation of elec trons from the  sem iconductor to the oxide. According to 
this model, the  elec trons a re  injected from the  conduction band of the  silicon into 
the  conduction band of the oxide, through the  interfacial potential barrier. The 
applied field (which deeply pene trated  the  oxide), the  position gradien t of the 
electron concen tration and the scattering even ts  equilibrate to an electron 
distribution that accum ulates nea r the em itting site. Therefore, the  condition for an 
increase  in the em ission curren t density a t the  oxide vacuum  interface is obtained. 
The total electron curren t invariance implies a  reduction of the  effective em itting 
surface a rea  with a  corresponding possible increase  of the  local Joule  heating. 
Although the sam ples crystallised in oxygen had high fea tu res on its surface, which 
would m ean  a higher geom e tric p factor, the  thick oxide layer could be too thick for 
any elec tron to be em itted from the  surface. The sam ples that w ere crystallised in 
vacuum  do not have any oxide layer crea ted  during the  lase r crystallisation 
p rocess, therefore, do es  not allow elec trons to accum ulate a t the  conduction band 
and its sm ooth surface g ives a  poor geom e tric p factor. T h e se  could be the 
rea so n s  why the  sam ples (crystallised in oxygen and vacuum ) a re  emitting at high 
threshold fields. However, the  sam ple that is crystallised in air could have achieved 
an optimum oxide layer that gives the correc t condition for it to em it a t a  lower field 
threshold. The effect of silicon oxide on the field em ission m echanism  in our 
sam ple is not investigated within the sco p e  of this resea rch , but it would be an 
interesting a rea  to  be  considered for future work.
The field em ission cycles obtained resem ble em ission from tip-like structu res rather 
than from flat surfaces. The stab le and  reproducible em ission without any 
hyste resis su g g ests  no breakdow n within the  film w as n ecessa ry  for a  continuous
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elec tron em ission process. The relatively straight-line in the  Fowler Nordheim (F-N) 
plot with the field em ission data  suggested  that the electron em ission is controlled 
by a quan tum  m echanical tunnelling p rocess. The field em ission threshold, which 
is independen t of different vacuum  gaps, m ay indicate that the bulk material 
properties and sp a ce  charge d o e s  not take  part in the field em ission process. The 
surface morphology on sam ples trea ted  with an energy density of 204 mJ/cm^ 
(Figure 5-20) show s the  surface to have a m uch more d e n se  surface fea ture, which 
em it a t a  low field em ission threshold. This gave ev idence that the  surface is 
contributing to enhancing the  field allowing the  film to em it a t a  lower threshold than 
others. However, the surface may not be the  main driver for the  low field em ission, 
which is indicated in the F-N p fac tors and geom etric p factors obtained from the 
experim en tal data.
There is a  large d iscrepancy be tw een the p factor calculated from the  F-N plot and 
the  p factor calculated from the estim ated height (h) and radius (r) of the  tips from 
the  SEM m icrographs (Figure 5-20) using the  formula [88], p=h/r. This su g g ests  an 
internal field enhancem en t p rocess  dom inated by the material properties has 
greatly enhanced  the  em ission, which results in the large d ifference be tw een the 
two p factors. Furtherm ore, the  em ission a rea  that is calculated from the F-N plot is 
unrealistically small. W hen RBS w as used  to investigate if th e re  is any diffusion of 
Mo, the results indicated no Mo had diffused to the  surface, but the d ifference in the 
expec ted  th ickness and the  m easu red  th ickness from RBS might indicate som e 
diffusion of Mo had occurred a t the  Si/Mo interface.
It is true the surface morphology do es  contribute to the  field em ission, but a 
localised field enhancem en t within the film is likely to be the main reason  for low 
field em ission. The diffusion at the Si-Mo interface could be the  c a u se  for this 
internal field enhancem en t, which is explained in section 6.4.
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6.3.2 Relationship between the back contact and the field 
emission properties
The back con tact influence on the  field em ission threshold show s som e  quite 
distinct results be tw een sam ples  with m olybdenum  a s  its underlay metal and 
sam ples  with chromium a s  the  underlay metal. The field em ission trend for 
sam ples  with Molybdenum a s  the  ca thode is opposite to that of sam ples  on 
chromium (Figure 5-26). The surface of those  sam ples  with different cathode w as 
im aged with FEG-SEM, which show s tip like structures on the  surface of those  
sam ples  with chromium. The tip-like structures a re  m ore uniform than th o se  with 
m olybdenum  a s  its underlay metal. However, the geom e tric p factors calculated 
from the  sam ple surface did not show  m uch difference be tw een each  other. 
The geom e tric p factors are  also m uch sm aller than  the  p factors calculated from 
the  F-N plot. This is similar to  our prev ious d iscussion a s  the  films could have a 
field enhancem en t that d o e s  not arise solely from the surface en h ancem en t factor, 
but from within the  film. It is practical to a ssu m e  that the surface effect on electron 
em ission for all our films is c lose to identical. The opposing field em ission trends 
obse rved  for the two types of metal back contacts could be due  to the  different 
diffusivity of m etals into the silicon during the  lase r crystallisation p rocess. It is only 
the  back con tact that w as changed , while all o ther param e te rs rem a ined constant.
The crystallisation fraction and the  grain size show ed there  is som e  d ifference in 
the  crystallinity and grain size in both se ts  of sam ples. However, th e se  a re  far from 
definitive trends, with som e  sca tte r  in the da ta  for crystallised fraction and  grain 
size. A TEM g ives strong ev idence for colum nar growth, which is com m on in lase r 
crystallised Si, in the  sam ple crystallised a t energy  density of 204 mJ/cm^. The 
diffraction patterns also  show ed different crystal orien tations and  a diffused ring 
indicating the material to be m ore m icrocrystalline in nature a s  opposed  to 
polycrystalline. An analysis of the c ross section of the excim er lase r crystallised Si 
gives a  m icrostructure com posed  of colum nar Si nanocrystals around 90 nm in 
height and around 50 nm in diam eter, surrounded by grain boundaries. The grain 
boundary is continuous from the  back con tact right to the  surface. It is known that
139
Discussion
the  diffusion of any impurities in the  silicon is preferred in a  defective a rea . This 
could m ean  a  significant am ount of m olybdenum  diffuses into th e se  defec ts  forming 
conductive filam en ts within the film.
A recen t pape r by C arey e t  ai. [86] sugg ested  that the internal field enhancem en t 
be tw een 60-200 can be ob tained purely due  to  proximity effec ts of conducting 
sp h e res , w hen placed within a  dielectrically inhom ogeneous medium. The m ixed- 
p h ase  crystallites to grain boundary ratio observed in th e se  sam p les  might give rise 
to such  a  phenom enon that allows for the  high fields to be gene ra ted . This would 
then allow for hot elec trons to be g ene ra ted  within the laser-crystallised material 
that aid elec tron em ission into vacuum . STM results also  show ed som e  high 
conductive spo ts  in the films. T he high conductivity spo ts  seem ed  to be  around (on 
the  perim eter) the  grains, and might indicate that the em ission from this film did not 
originate from the grain, but from highly conductive filaments. It a lso  show ed that 
the field em ission w as not confined to a  few hot spots.
The em ission a rea  for sam ples  trea ted  with energy density of 204 mJ/cm^ w as 
im aged using a comm ercial phosphor (ZnS) sc reen  and the  site density coverage 
w as  in e x c e ss  of 80%. Individual em ission sites  could not be im aged, a s  the 
em ission obse rved w as  uniformly bright throughout, excep t for 2 or 3 very high 
brightness reg ions. The phosphors show ed no sign of dam ag e  after the site 
density experim en ts.
6.3.3 Relationship between the silicon structure and their field 
emission properties
The field em ission properties of th e se  doped  films d iscussed  in sec tion 5.2.3 did not 
follow a relationship to the  lase r energy density used  to  crystallise the  films. 
However, the  fluctuation in the  field em ission threshold is g rea te r  in the doped 
sam ple on molybdenum than films grown on chromium. T he geom e tric p factors 
calculated from th e se  sam ples  do not follow the field em ission trend. Both p factors
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a re  very m uch different from each  other, which indicates an  internal field 
en h ancem en t p rocess  being presen t. The structure information collected from the 
R am an spec tro scope  did not fit in well with the  threshold trend.
A possible explanation could be due  to the implantation p rocess. In doping silicon 
with implantation, m ost dopan ts are  trapped  within the defec ts  cau sed  by ion 
bom bardm en t. Therefore, annealing at high tem pe ra ture is usually requ ired to 
activate the  dopan ts. The initial thought that the lase r p ro ce sse s  could anneal the 
silicon and at the  sam e  tim e activate the  dopan ts  might not be appropriate. 
However, this is not the  c a se  in lase r crystallisation. The transition from solid to 
liquid allows the  a tom s to have total freedom . The ‘8-N’ bonding rule would apply in 
this case , w here the a tom s would naturally go into the lowest energy-bonding 
configuration, which for phosphorus and boron is 3-fold coordinate bonding and for 
silicon it is in 4-fold coordinates. In implantation process, the  dopan ts  a re  already 
loca ted in th e  defective sites. There would be little restrictions for dopan ts  to form 
Into their lowest energy bonding s ta te  (3-fold coordinates). Although there  would be 
som e  charged  phosphorus and boron (P‘ and B^) s ta tes, m ost of the  dopan ts  would 
still be locked within the  defec ts (grain boundary). Mosley eta l. [146] observed that 
the  doping produces an enhancem en t in the  recrystallisation growth rate of silicon 
m ade am o rphous by ion-implantation. However, this w as ab sen t in lase r annealing 
the  sam ples, w here no change  in the  activation energy with doping w as observed. 
In section 5.1.2, it is shown that the doping carried in a  PECVD p ro cess  cau sed  
retardation of the crystallisation p rocess  in the  sam ple. This is ab sen t in section 
5.2.3 w hen com paring the crystalline fac tor and grain size with their intrinsic 
counterparts in section 5.2.2. T here is no noticeable d ifference in their crystalline 
factor and grain size. This could m ean  the dopan ts  are allowed to form their 3-fold 
coordination s ta te  with limited restriction from their silicon neighbour. T h e se  might 
explain the field em ission not following an energy  density relationship and the 
resultant high field em ission threshold.
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6.4 Three terminal field emission devices
Although a  novel th ree  terminal structure w ithout any involvement of 
photolithography had been  dem onstrated , the  field em ission m easu rem en t indicate 
the  field em ission p rocess  is not controlled by the  ga te. The em ission app ea red  to 
be com ing from the sh a p e  ed g e s  of the  ga te  than from the  crystallised silicon tips. 
This m ay not be  a  bad thing a s  the  em ission threshold from th e se  sharp  e d g e s  is 
low (less than  5 V/pm). This threshold is com parable to carbon nanotube[133,134] 
or even  polymer[140]. However the chromium sh arp  ed g e s  from our sam ple could 
prove to be m ore advan tageou s  than  carbon nanotube and polymer as:
1. The field em ission p rocess  should be like the  Mo Spindt-tips. Therefo re the
m echanism  should conform to Fowler Nordheim  model
2. Chromium layer could adhe re  well to Silicon and Si3 N4 . Therefo re it is m ore 
hard handling w hen com pared to carbon nanotube
3. The unde rnea th  m aterials is silicon. Therefore the  TFT technology could
readily be incorporated.
Therefore a  two terminal dev ice is feasible and  a possible application is a s  the 
backlighting for p resen t AMLOD technology.
This resea rch  objective is to obtain a  novel th ree  terminal dev ice w ithout any 
involvement of photolithography. O ur result dem on stra tes  it is possib le to obtain 
th ree  terminal structure with non-lithography process. But the p rocess  need  som e  
fine-tuning before meaningfui em ission results from this th ree  term inal structure 
could be  achieved. Firstly, a  few problem s could be identified from our results in 
section 5.3:
1. W et etching is not a  reliable p rocess  to expo se  the silicon tips and reactive ion 
etching should be used, therefo re the re  is no pre requ irem en t for selecting 
sam ple with slan t tips. S am ples (silicon with underlay m etal a s  Molybdenum 
trea ted  with an energy density of 204mJ/cm^) having the  lowest field em ission 
threshold should be used.
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2. The sharp  edge  from the ga te  should be rounded to increase  its field em ission 
threshold, allowing silicon tip’s  em ission threshold field (15V/pm) to be reached  
for silicon tips to emit.
With the problem s identified, som e adjustm en t will be m ade to the p rocess  for the 
th ree terminal device. Sam ple with Molybdenum a s  its underlay m e tals and is 
trea ted  with an energy density of 204mJ/cm^ would be used. Reactive ion etch 
(RIE) will be carried to provide directional etching on the apex  of the tips to rem ove 
the Cr layer. A thin layer of SisN^ on the apex of the silicon would preven t any 
acciden tal dam age  to the silicon tips by the RIE p rocess and also any contam inate 
from the subsequen t wet etching on the Cr layer. The sharp  e d g e s  of the Cr will be 
rounded using wet etching to preven t it from em itting at a field lower than the tips. 
Furtherm ore wet etching on the SiaN4  should expose m ore of the silicon tips. A 
diagram  showing the p rocess flow is shown in Figure 6-2.
Figure 6-2 (a) initial stage (b) RIE etch to remove the top layer Cr (c) rounded the 
shape edge on the Cr with wet etching (d) removed the SI3 N4  using wet etching to
expose the tip.
6.5 Proposed model
If we consider each  c a se  of field em ission from the above m ention experim en tal 
results all of them  indicate the surface morphology, crystalline structure and back
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con tact in term s of an energy barrier at the  silicon-metal interface of the  sam ple had 
a  contributing effect to the field enhancem en t during th e  field em ission process. 
How ever the  main driving force for a  low em ission threshold is due to an  internal 
field within the  sam ple. S ince it is possible to say  the internal field could have been  
cau sed  by the different crystalline structure, it is found that sam ple with similar 
crystalline fac tors obtained through R am an spec troscopy show s quite a  different 
field em ission threshold. However, it is the  type of back con tact m etal u sed  that 
affec ts the field em ission significantly. A very clear indication of this is shown in 
section 5.1.3 and section 5.2.2 w here all the  conditions are  kep t the  sa m e  but with 
the change  of the  back con tacts metal making a  significant contribution to the field 
em ission threshold. It is true the  change  of back con tact will chan g e  the resultant 
crystalline silicon structure. The small am ount of change  in the crystalline structure 
is thought to be too small to have cau sed  the variation in the  field em ission 
threshold. Therefore It is reasonab le  to a ssu m e  that m etal inclusion or silicide 
formation at the silicon-metal interface plays a  major role here.
It is very com m on to find metal inclusion in silicon at silicon-metal interface, Gong 
eta l. [144] found formation of an am orphous Si-Ti alloy a t the  Ti/a-Si:H interface; 
K assne r e ta i  [130] repo rted growth of am orphous Mo-Si interlayers at the Mo/a- 
Si:H interfaces, Bokhonov eta i. [131] has repo rted the formation of m e tastab le 
am o rphous Al-Si silicide a t the a-Si:H/AI interface. An av e rag e  tem pe ra tu re of 
400°C could usually result in the  formation of metal inclusion into silicon. In our 
case , lase r crystallisation could easily realize tem pe ra tu res  in e x c e ss  of 1000°C in 
order to initiate p h ase  ch an g es  in silicon. The su b seq u en t m easu red  th ickness of 
the  m easu red  molybdenum is half of that expec ted  from the  deposited  thickness. 
Therefore the re  is strong ev idence metal Inclusion occurs within our film.
Any m etal clusters will provide an electron path for transport from one cluster to 
another. U nder certain conditions the elec trons will loss ene rgy  while travelling 
be tw een one cluster to ano the r through scattering. Narrowing the  barriers to tunnel 
d im ension with closer spacing be tw een the  clusters, under an  applied field, the 
elec tron path will ge t narrower and even tually the elec tron will travel from one
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cluster to ano the r with minimum loss of energy. Additional, in P oa  ef.a/.[149] 
p roposed  model for am orphous carbon, w hen clusters of sp^(m ore conductive) 
within a  sp^(less conductive) matrix g e ts  closer field enhancem en t be tw een the 
neighbouring sp^ clusters will increase. This is similar to our c a se , a s  cluster of 
silicide form ed within our silicon sam ple is believed to be  m ore conductive. 
Therefore field would be enhanced  be tw een the silicide cluste rs and electron 
travelling with minimum loss of energy  be tw een clusters would aid elec tron to be 
em itted into the  vacuum . This model is similar to that found in a-Si:H filamentary 
m em ory dev ices. T h e se  m em ory dev ices requ ire an initial high field to form the 
m em ory dev ice with metal diffusion creating a pe rm anen t intermetallic filamentary 
channel that can  sustain  curren ts in e x c e ss  of 10^^ Acm'^ without further breakdow n 
and  ballistic transport is observed. In our case , such  a m aterial m ay be c rea ted  
with the lase r crystallisation p rocess.
It is likely from our experim en t results that intermixing has  occurred and that 
filam en ts have been  form ed. F igure 5-33 show s very conductive a re a s  a t the  side 
of the  lump-like structure. It has been  show n in section 5.1.2 tha t the  lump-like 
structures rela te to the grain and therefo re it is interesting to find som e  a rea  a t the 
grain boundary to be m ost conducting. The likely explanation is the formation of 
conductive cluste rs from the  back con tact metal. Metal diffused m ore rapidly into 
th e  silicon at the defec ts/am orphous sites. The p h ase  change  in silicon during the 
lase r crystallisation p rocess  could have allowed this to happen  m ore readily.
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Chapter 7 
Conclusion
This PhD resea rch  has concen tra ted  on field em ission from lase r crystallised 
sam ples  and the  developm en t of a  novel lithography-free p rocess  for this dev ice in 
field em ission application. This resea rch  h a s  been  a su c c e ss  with a  num ber of 
useful results published and a possible new  em ission source  identified.
1. In NdiYAG crystallisation, we have shown the crystallisation could be  controlled 
by the  num ber of pulses. This is likely due to the seed ing  effect c rea ted  by the 
previous pulse that accele ra ted  the  growth front of the silicon unde rnea th  the 
surface. This would give rise to e ither a  su p e r sequen tial lateral growth (SSLG) or 
a  hybrid supe r sequen tial lateral solidification (SSLS) and SLG within th e  film.
2. It had been  dem onstra ted  that metal has  a  catalytic effec ts on the  crystallinity of 
sam ple during lase r crystallisation. This effect is similar to th o se  reported in the 
metal induced lateral growth (MILO). The liquefying a rea  (grain boundary) vapou r 
that conden ses/depo sits  onto the  neighbouring grain has  been  identified a s  the 
reason  for the hilly structure in lase r crystallisation.
3. Experim en ts on crystallising sam ples  with phosphorus and boron show ed that 
higher lase r ene rg ies  are requ ired to crystallise the doped sam p les  than  for intrinsic 
sam ples, which is in line with o thers working in similar fields.
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4. Excimer lase r crystallisation of a-Si:H gives rise to elec tron em ission at low 
threshold without hysteresis. This h a s  been  identified a s  a  potential elec tron source 
for field em ission displays.
5. Through our field em ission experim en ts, we find contributions from the  surface 
morphology, crystallinity, silicide formation at the back con tact and  the  metal-silicon 
barrier. It h as  been  shown that the  surface morphology is not the main contributor. 
Although F-N plots show ed relatively straight lines indicating quantum  tunneling 
p ro cesses , the surface d o e s  not de term ine the field em ission threshold. The 
surface roughness (higher geom e tric p factors) d o e s  not show  any im provem en t in 
the field em ission threshold and the  large difference be tw een the geom e tric p 
factors and the  p factors calculated from the  F-N plots show ed a  large internal field 
contribution.
6. The crystallinity of the film exerts som e  effect on the field threshold but in som e 
c a se s  do es  not follow the trend. Therefore, it is not the  main contributing factor. 
The band barrier at the metal-silicon interface do es  not produce the  necessa ry  field 
enhancem en t for the field em ission. It is likely that metal inclusion form s metallic 
clusters, which allow the elec trons to becom e ‘hot’ giving, rise to the large 
enhancem en t in the p factors.
7. Although n-type sam ples  grown by PECVD reduce the  field threshold, n type 
sam ples  doped by ion implantation do not. This could be reaso n ed  by the 8-N 
bonding rule. In lase r crystallisation, total atom  mobility is a  possible scenario, 
furtherm ore the  dopan ts  a re  already in defec t sites, therefore the  dopan ts  can be in 
its lowest energy configuration.
8. A th ree terminal dev ice structure can be dev ised that requ ires no conventional 
lithography. Initial results show ed short circuits betw een ca thode  and ga te, but
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m etal sharpen ing through the etching p rocess  would reduce the  field em ission 
threshold.
7.1 Future Work
There is still much interest in field em ission displays especially in recen t tim es with 
the  dom inance of flat panels in the display m arket and the  limitation in AMLCD 
display. However, the  problem in field em ission displays h as  been  the  lack of a 
proven p rocess  to deliver the necessa ry  lifetime and low m anufacturing cost 
requ ired by the display industry. This h as  resulted in withdrawal of investm en t from 
conventional Spindt-tip technology. Presen tly, m ost of the  interest in field em ission 
displays is in carbon nanotube and polymer m aterials. However, this work has  
shown a novel p rocessing m ethod to deliver the necessary  criteria such  a s  low cost 
and one that could be readily adopted  in the p resen t display m arket. T he ideal FED 
should be robust, easily p rocessed  to large a re a s  using conven tional display 
m anufacturing tooling with a  minimum of photolithography, and  have a low 
threshold and high uniformity. T here should be no initiation or forming s tep  and no 
hysteresis. Removal of the vacuum  in a  system  would also be an  advan tage  and a 
solid s ta te  FED would be attractive.
There is still much work needed  to be done in this project to realise such  a robust 
scalable technology. A full understanding of the  m icroscopic field em ission p rocess 
will aid this. It is necessa ry  to undertake a full m aterials analysis and  to de term ine 
the na ture of the electronic structure of the  film. For exam ple we have hinted that 
there  m ay particles of crystallites or metal within the p rocessed  film that gives rise 
to a high internal field. Furthermore, an  exploration of any silicide formation that is 
p resen t in the  different type of metal/silicon interfaces could reveal further clues to 
the field em ission m echanism . Modelling of the internal structure will enable  
m apping of the internal field in the  sam ples. The exac t role of the  tip structures, the 
grain boundaries and internal structure is yet to be fully analysed.
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W e have successfully dem onstra ted  how to fabricate a 3 terminal dev ice based  on 
a  novel fabrication p ro cess  without photolithographic s tep s  (section 5.3). However, 
the field em ission in this part of the  work se em s  to have originated from the  sharp  
e d g e s  on the  ga te. This could be a blessing in d isguise a s  the  field threshold is 
very low (<5V/jam). A prototype b a sed  on two term inals on the  sam ple (Mo/Si/Cr) 
to show  a low field threshold with good em ission coverage is n ecessa ry  to bring 
aw aren e ss  of the display community to field em ission from am orphous silicon and 
to obtain funding to further pursue our work. However, it is crucial to have th ree 
terminal control of th e se  dev ices, and a proposed solution is given in section 6.4 to 
round off the  sharp  e d g e s  on the ga te  to obtain a  meaningful th ree  terminal 
m easurem en t results. Further lowering the threshold field (turn-on field) could be 
achieved by incorporating carbon nano tubes into our system . Kazuhiko ef.a/.[153] 
have dem onstra ted  that it is possible to grow carbon nanotube on silicon tips. 
Therefore w e believed we could grow carbon nanotube on the  lase r crystallised 
silicon tips. There a re  num erous advan tage  of this p rocess. T here is no 
involvement of any complex p rocessing and the  b a se  material is silicon that allows 
curren t CMOS and TFT technology be easily incorporated.
A dev ice with a  size in ex cess  of 14 inch should be p rocessed  to find out the 
em ission cove rage and to exam ine scaling issues. T here a re  repo rts that the 
em ission cove rage in field em ission displays will de teriorate for s izes  g rea te r than  3 
inch. Lifetime cycling te s ts  and burn-in m e thods should be adop ted  to tes t the 
robustness  of the technology.
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